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ABSTRACT 
ABSTRACT 
With their excellent high temperature mechanical, chemical and thermal properties, 
fibre reinforced ceramic matrix composites have emerged as an important class of materials 
having a wide range of applications in various technological fields. Microwave Enhanced 
Chemical Vapour Infiltration (MECVI) has been recognized as a new process route because of 
its ability to conserve the reliability and durability of the precursor materials. The primary 
advantage of using microwaves is that they cause an inverse temperature profile to be formed 
that prevents entrapment of accessible porosity and greatly accelerates the process. However, 
to develop the MECVI process further, a complete understanding of the effects of the process 
parameters on the infiltration mechanism and processing time is necessary. Modelling efforts 
can offer an insight into the critical factors in this process and suggest ways to optimize 
processing. 
A 2-D mathematical model investigating the densification of SiCtlSiC composites by 
microwave enhanced Chemical Vapour Infiltration (CVI) under forced-flow of the gaseous 
reactants is presented. The analysis in the model included a set of partial differential equations 
coupled together describing the electromagnetic heating of the SiC preform, the mass transport 
of the gaseous species by forced flow and the chemical reaction taking place for the deposition 
of SiC solid inside the porous sample. Finite Difference Method (FDM) was applied to solve 
the system of equation numerically. The results showed that the use of microwave energy 
combined with appropriate pressure gradients provided increased control over the composite 
quality. It was observed that the sample was infiltrated from the inside out, however, the edges 
of the preform remained less densified due to excessive pressure gradient being built up. 
A I-D model was developed thereafter to investigate the infiltration of a single pore 
inside a porous SiC preform under microwave heating, by allowing the gaseous reactants to 
flow through the sample by diffusion transport. The model is used to investigate the occurrence 
of thermal runaway during the infiltration process. An asymptotic analysis was performed to 
obtain averaged homogenized equations describing the microwave heating and the 
transport/reaction processes. The results showed that the dielectric properties of the sample 
greatly affected the thermal distributions, which could undergo thermal runaway during 
MECVI. It was also seen that the pores closed faster at the boundary due to higher gas 
concentration. 
In general, the models gave a considerable amount of insight in understanding the 
MECVI process. 
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1.1 Ceramic matrix composites 
Ceramic materials have excellent characteristics for use in high temperature 
structural materials and mechanical parts because of their heat-stability, superior 
strength at high temperature and relatively low density as compared to metals and 
polymers. However, in the monolithic state they are characterized as being brittle, weak 
and susceptible to catastrophic failure. This behaviour can be attributed to the ease of 
crack propagation, which is the result of the very low fracture toughness and poor 
durability of the ceramics [1,2,3]. Broad progress has been accomplished in the past 
three decades to alleviate these negative features through material improvement, new 
ceramic materials, and improved design methods. This new generation of ceramics and 
design methods has the potential to help the industries of the future reach their visions 
of increased energy efficiency, increased productivity and decreased maintenance [1 A]. 
Important advances have occurred in the fabrication of composite materials, 
particularly Ceramic Matrix Composites (CMCs) in order to prevent failure by 
incorporating energy-dissipating mechanisms in the fracture process [1]. CMCs 
combine reinforcing ceramic phases with a ceramic matrix to create materials with new 
and superior properties. In ceramic matrix composites, the primary goal of the ceramic 
reinforcement is to provide toughness to an otherwise brittle ceramic matrix (Figure 
1.1). The desirable characteristics of CMCs include high-temperature stability, high 
thermal-shock resistance, high hardness, high corrosion resistance, light weight and 
flexibility in providing unique engineering solutions. 
1.2 Fibre reinforced ceramic matrix composites 
Ceramic reinforcements are available in a variety of forms. Typical ceramic 
reinforcements are presented in Table 1.1. The toughening of ceramics through 
discontinuous reinforcements that include whiskers, short fibres and particulates are 
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often perfonned using conventional monolithic ceramic processes such as slip casting 
or injection moulding followed by sintering or hot pressing [1,2,5]. These result in 
ceramics with better fracture toughness. However, the brittle failure problem may still 
persist when extremely demanding properties are required [1,6]. The use of fibres in the 
continuous fonn to incorporate high strength and high modulus in a brittle matrix has 
received much interest since woven fibre materials have been gaining increasing 
technological importance as reinforcements in the past 15-20 years [1,3,4,7,8]. With 
continuous fibre reinforcements, a large fraction of applied load on a ceramic matrix 
composite can continue to be supported by the fibres even after the matrix has been 
fractured. Figure 1.1 displays the mechanical behaviour of a continuous fibre reinforced 
ceramic matrix composites and its monolithic equivalent. Further, continuous ceramic 
fibres in the fonn of textile structures with two and three-dimensional arrangements not 
only provide a mechanism for structural toughening of composites but also facilitate the 
processing of composites into near-net shape structural parts [8]. However, the use of 
continuous fibres to reinforce CMCs is more expensive than discontinuous fibre 
reinforcements. 
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Figure 1.1: Comparison of failure modes for monolithic ceramic and continuous fibre 
reinforced CMCs [4]. 
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Table 1.1: Examples of ceramic reinforcements listed by categories [1]. 
1.3 Applications of CM Cs 
It is convenient to divide the general applications of CMC's in terms of 
aerospace and non-aerospace applications. In the aerospace area, performance is the 
foremost consideration while in the non-aerospace fields cost effectiveness is the prime 
consideration [1]. 
Aerospace applications, in general, demand high thrust-to-weight ratios, faster 
cruising speeds, increased altitudes and improved flight performance. These goals 
translate into material requirements involving increased strength-to-density, stiffness-
to-density and improved damage tolerance - all at significantly higher temperatures. 
High temperature structural composites represent a key technology for advanced 
aerospace systems. Continuous fibre reinforced ceramic composites potentially offer 
higher specific mechanical properties which can be utilized in a variety of high 
temperature aerospace applications. For example, silicon carbide coated carbon/carbon 
composites are used as a thermal protection material in the US space shuttle [1,9,10]. 
Carbon fibre/silicon carbide composites are candidate materials for a variety of space 
plane programmes [1,10]. Other aerospace applications for ceramic matrix composites 
include a variety of hypersonic radomes and high-temperature turbine engines. 
Among the non-aerospace applications of CMCs are cutting tools inserts, wear 
resistant parts, engine components at high temperatures and in corrosive environments, 
nozzles and exhaust ducts and energy related applications such as heat-exchanger tubes. 
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For such applications, the components can range from simple to complex and tend to be 
similar in size. Thus, it is not surprising that for such applications, there are 
commercially available dense, wear-resistant, particle and whisker reinforced CMCs 
[1,9,10,11]. The main advantages of ceramic cutting tools include chemical stability, 
superior hardness and ability to operate at higher temperature, which translate into 
higher cutting speeds. In the area of wear resistant parts, CMCs offer high hardness, 
low friction, superior abrasion resistance and good mechanical performance at high 
speeds. Whereas, in the energy related areas involving heat transfer, storage and heat 
exchangers, among the major drawbacks of using monolithic ceramics is their poor 
thermal shock resistance. Here, continuous fibre reinforced CMCs can be used 
profitably to overcome these drawbacks. 
In general, the use of CMCs components in a variety of applications makes 
economic sense because it will result in higher operating temperature, higher 
efficiency, benefits in the energy and environmental (reduced emission) area service 
life, etc. A summary of other applications plus those described above is described in 
table 1.2. 
1.4 Worldwide market for CMCs 
Applications of ceramic matrix composites that have been on the market for a 
number of years include cutting tools and wear parts. Other emerging applications 
being field-tested or still in the development stage include gas turbine seals, hot gas 
filters and high-pressure heat exchangers. One of the major obstacles to continued 
growth of the CMC market is still cost (both raw materials and manufacturing) and 
joint efforts between industries have been addressing this problem over the last few 
years. Another major obstacle is the lack of reliability in current materials. 
According to a report from Business Communications Company, Inc [12], the 
global market for ceramic matrix composites in 1999 was $216.6 million. This was 
forecast to increase to $318 million by the 2004 with an average annual growth rate 
(AAGR) of 8% per year from 1999 to 2004, see table 1.3. In terms of market share, the 
V.S. has currently over 50% of the world market and is expected to increase this market 
share by a few percent by 2004. One of the highest growth areas in Japan is expected to 
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be space propulsion applications. Gas turbine components are another high growth area 
for this country. 
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Table 1.2: Potential industrial applications for continuous fibre reinforced ceramic 
matrix composites [1]. 
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The V.S. market for ceramic matrix composites alone in 1999 was worth $115.6 
million. This includes prototype and production quantities, as well as research funding. 
Currently, the markets are still dominated by wear parts, cutting tools and radiant 
burner tubes. The V.S. market is expected to reach $177.6 million by 2004 with an 
AAGR of 9.1% per year from 1999 to 2004 [12). Energy-related applications in the 
V.S. are the fastest growing market segments from 1999 to 2004, at an AAGR of 20%. 
Lower growth rates are expected for defense and space applications of 6% per year. By 
2005, new market segments to emerge include thermal protection systems and 
propulsion components for spacecraft, as well as selected aircraft applications. By 2010 
widespread application of ceramic matrix composites is expected, including in the 
defense and industrial processing areas (chemical processing). 
As with monolithic ceramics, however, ceramic matrix composites face several 
major obstacles to continued commercialization. Acceptance by design engineers and 
users is critical and difficult, since ceramics are perceived as fragile and brittle. There is 
also a general bias against new materials especially because of the lack of experience. 
Most end users want the new part to cost the same as the one being replaced. Reliability 
is another important issue. Another problem is that tooling and producing prototype can 
be time consuming and expensive. 
r 
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Table l.3: V.S. and World Markets for Ceramic Matrix Composites ($ Millions) [12) 
1.5 State of the art processing techniques of fibre reinforced 
CMCs 
The design and tailoring of composite microstructures to achieve improved or 
new properties presents processing challenges. Limited or near-zero porosity is 
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commonly desired, as is a substantial degree of homogeneity in the density and 
microstructure of the deposited material, whilst the strength of the reinforcing fibres 
must be retained. The fibres must be thoroughly embedded in the matrix and the matrix 
precursor must fill the voids between the fibres, by means of a mechanical bond with 
the reinforcement [13,14]. The processing route must therefore be the most appropriate 
or the least detrimental for the elements of the composites. Table 1.4 shows some 
available techniques to produce fibre reinforced ceramic matrix composites [14]. 
Two stages are usually involved in the fabrication of fibre reinforced CMCs: 
• Incorporation of the reinforcing phase into an unconsolidated phase (e.g. slurry 
infiltration, in-situ chemical reaction and liquid infiltration), see table 1.4. 
• Matrix consolidation (optional) or densification steps (sintering or reactive 
sintering). 
r-------- -- -
--- ----- --
-"" -
-"'-"- , -" - . ---"-,- ~ - -~---- -.---
FRCMC Typical processing I Advantages I Disadvantages ! I fabrication process temperatures I K ! ! I ! I 
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I 
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I I, 
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--.~ ... -- -- ._-- ----",,"" "'-"- .,,-----
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Table 1.4: Fibre reinforced CMC fabrication processes [14]. 
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Among the production processes cited above, chemical vapour infiltration (CVI), 
polymer impregnation and pyrolysis (PIP) and molten silicon infiltration are routes that 
do not adversely affect the. fibres and result in materials with specific individual 
properties [15,16,17]. The demand for structural ceramics such as fibre reinforced 
CMCs has grown substantially in the past decade. As a result, vapour phase synthesis 
has emerged as a method for the preparation of near final-shape FRCMCs for advanced 
structural applications [16]. Among these vapour phase techniques, CVI has shown 
great promise in the past few years and has been increasingly recognized as one of the 
most successful techniques for the fabrication of FRCMCs, such as SiCr/SiC' 
[18,19,20,21]. This has led to a rapidly expanding interest in chemical vapour 
infiltration 
Several variations of the CVI process have been developed and have led to a 
range of different properties. However, all are based on the use of a radiant heating 
source [16-25]. The reactant vapours are allowed to pass through low-density porous 
structures. When the temperature is high enough, vapour deposits as solid-phases on 
and between the fibres to form the matrix of the composite. As the deposition 
progresses, the fibres get larger and consequently the spaces between the fibres are 
reduced. The aim is to achieve a low porosity matrix without any density gradients 
across the preform and hence good mechanical properties. 
As discussed in Chapter 2, the flow characteristics of the gaseous reactants and 
the heating approach used are the main characteristics differentiating each CVI process. 
Isothermal isobaric CVI, the easiest to achieve practically, can result in a non-
uniformly densified composite and also requires long processing times [25]. The 
deposition of the matrix occurs preferentially near the outer surface, thus leading to the 
blockage of surface channels, which then prevents the gaseous reagents from 
penetrating the preform further. Consequently, high residual porosity remains within 
the centre of the preform, deleteriously affecting the mechanical properties [20,25,26]. 
The use of temperature and pressure gradients can overcome these drawbacks to an 
extent. However, as will be shown in chapter 2, when a thermal gradient is combined 
with a forced-gas flow, non-uniformly densified preform can also result even though a 
level of higher densification has been achieved [21,23,24,27]. 
Thus the search for more efficient methods that yield rapid and complete 
densification continues. The use of microwave heating in the processing of ceramic 
materials has recently been recognised as a promising technique [28-32]. Sintering, 
• Silicon carbide fibre/silicon carbide composite (SiCp'SiC) 8 
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melting, calcining, drying and joining are already some of the processes in which 
microwaves act as the heating source. In the CVI process, microwave heating allows an 
inverse temperature profile to build up across the preform [29,30,31l, that is, the centre 
of the preform becomes hotter than the surface. Thus the reaction rate is higher in the 
interior of the preform and infiltration occurs from the inside out. This prevents the 
entrapment of accessible porosity, which constitutes a major drawback for high 
mechanical performance with current technology and greatly accelerates the process. 
Although the use of microwave heating is believed to be more efficient compared to 
conventional heating during the CVI process, several major negative aspects exist 
obstructing the development and exploitation of this emerging technology. Some of 
these drawbacks are outlined in chapter 2. 
1.6 Research objectives 
To be able to develop the microwave-enhanced CVI process further, a complete 
understanding of the evolution of the growing matrix in time and space as well as 
knowing the correlations between the process parameters is essential. This may be 
achieved by investigating mathematical models for the process. As with the research 
and development of many other advanced structural materials, modelling has always 
played a key role in the development of the CVI process. As the CVI technology has 
progressed and become the leading process for fabrication of fibre-reinforced CMCs, 
modelling techniques have also advanced, involving coupled partial differential 
equations of conservation laws. A number of mathematical models describing CVI 
under microwave heating have been investigated in recent years [31,32,34,35,37,38l. 
During the infiltration of the ceramic preform using microwave heating, both the 
electrical and thermal properties of the material changes. Very few of the models 
actually include these changes. Further, these models allow for diffusion based 
chemical vapour infiltration only. 
The goal of the present research is to construct and investigate mathematical 
models describing microwave enhanced chemical vapour infiltration under pressure 
driven flow and diffusion of gaseous precursors. These modelling efforts can offer an 
insight into the critical factors in this process; help to understand the effects of the 
various varying parameters, plus their consequences on the infiltration mechanism and 
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processing time, suggest ways to optimize processing and opportunities for further 
advances in process technology and provide a tool for integrating the design and 
manufacture of advanced components. A complete understanding and a successful 
model of microwave enhanced CVI will pave the way to a Real-time computer 
simulation of the process. It will dramatically reduce the cost of scientific research on 
the process and the industrial fabrication of CMCs; hence enhance the fabricability - a 
major concern in current practice. Along with microwave enhanced CVI being used to 
fabricate components of increasing size and complexity, the modelling of the latter will 
be even more important for future developments. 
1.7 Overview of the next chapters 
In Chapter 2, a general survey of the literature of chemical vapour infiltration 
(CVI) and its different types are given in the first section. This includes a description, 
experimental results and theoretical models of the different types of CV!. Further, 
application of microwave heating to CVI and prior work conducted at Nottingham 
University are presented. In the second section, the fundamentals and limitations of 
microwave heating are discussed. The theoretical and numerical models describing 
microwave heating are given as well. Section three contains a general review about the 
modelling of porous media and the type of transport and reaction processes occurring 
within those porous performs. Finally, in section four, literature on the key factors of 
modelling of CVI under microwave heating and their limitations are discussed. 
In Chapter 3, a detailed formulation of the numerical models developed during 
this research work is presented first. Three models are built to investigate the 
volumetric heating, transport/reaction and infiltration processes occurring during 
Microwave Enhanced Forced-flow CVI (MEFCVI): 
• Microwave heating of a two-dimensional preform 
• Forced-flow chemical vapour infiltration 
• Combination of microwave heating and forced flow during CVI (MEFCVI) 
The numerical techniques applied and the numerical results obtained for each of these 
models are presented and discussed in the following sections. 
In Chapter 4, the formulation of a theoretical model investigating microwave 
enhanced chemical vapour infiltration under diffusion transport process is presented 
lO 
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first, followed by an asymptotic analysis producing averaged equations describing the 
process. The numerical results obtained are then presented and discussed at the end. 
A general discussion on the models developed is given Chapter 5. This includes 
comparison of the numerical results with experimental and theoretical literature results, 
understanding the effects of the various parameters involved in the ME-FCVI and 
diffusion based MECVI process and suggesting ways to process optimization. In 
Chapter 6, a general conclusion is presented based on the models developed that 
contributed to the present research work. Finally Chapter 7 addresses areas where 
further research may be carried out to improve the models developed so far for 
microwave enhanced CVI. A list of appendices and references are mentioned at the end 
of this thesis. 
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LITERATURE SURVEY 
2.1 Chemical vapour infiltration (CVI) process 
The technique is derived from an older technology, chemical vapour deposition 
(CVD), in which a coating of a material on a substrate is deposited from an appropriate 
precursor gas [1,10]. During chemical vapour infiltration, gaseous reactants flowing 
into a furnace infiltrate a heated porous prefonn (generally made from fibres), penetrate 
the void spaces and decompose to deposit a solid phase onto the fibres surface, thereby 
filling the spaces within the prefonn, see figure 2.1. This coating fonns the matrix, 
which along with the fibres constitutes the composite. As is known, entrapment of 
porosity is detrimental to the subsequent properties; therefore the deposition coating 
must interlock in order that the fibres are held together without leaving spaces between 
them [16,40]. As a rule, a fully densified prefonn is the desired result if good 
mechanical properties for the composite are to be achieved. However, CVI is relatively 
complex and requires detailed phenomenological knowledge of the mass and heat 
transfer, chemical kinetics and infiltration stages taking place within the process 
[20,23,41]. Different applied conditions would result in different microstructures and 
properties in addition to dissimilarities in deposition rate and density gradients across 
the prefonn, since inherent competition may exist between the reaction-deposition mass 
and heat transport processes [42,43]. 
(a) Initial diameter and 
separation between 
fibres 7 
(b) Close contacts 
result in reduced area 
for deoosition 
--.-- -"'" . 
- .' •••• 
(c) A few isolated 
pores remaining 
within the tow 
Figure 2.1: Geometric model for infiltration of oriented fibre prefonn. 
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2.1.1 Advantages of CVI 
The extensive interest in the CVI process arises for several reasons. First, CVI 
has the potential to fabricate fibre reinforced ceramic matrix composites that have 
attractive mechanical properties (fracture toughness in particular), and at relatively low 
temperatures (e.g. TiB2 has its melting temperature at 322SoC but can be deposited at 
900°C). The in situ deposition of an interfacial layer on the fibres can also enhance the 
fibre pullout effect (after the fibres crack, more energy is needed to pull the fibre apart 
from the matrix) and the near net shape potential leads to easier production for irregular 
shaped components. Due to its low processing temperature, the CVI process can avoid 
thermal degradation of the fibre and therefore the CVI process displays low residual 
stresses [1,20,26,43,44] in the subsequent CMC. The capability to adjust conditions in 
order to control matrix microstructures can result in a highly pure and fine grained 
matrix material, superior to that normally obtainable with other fabrication methods and 
also a low composite porosity [27,44]. 
CVI is also useful to further infiltrate materials fabricated by other processes 
(internal pores or cracks can be filled) and has the advantage of not needing sintering 
aids [10,14]. Finally the ability to pre-coat the fibre preform using the same equipment 
in order to tailor the fibre bonding can improve the mechanical properties. 
2.1.2 CVI processing types 
Fundamentally, the characteristics of the CVI process rely principally on: 
• The presence or the absence of a thermal gradient across the preform 
• The pressure conditions that govern the gas flow when entering the preform: 
isobaric, forced flow or pressure pulse, 
Varying these parameters lead to several variants of the CVI process and a wide range 
of results [39,44]. 
Conventional CVI relies on heating by a radiant heating source such as 
induction coils and graphite susceptors. The centre of the component is heated by the 
thermal conduction of energy from the surface leading to a temperature at the centre 
lower than at the surface of the component. Since porous structures are good thermal 
insulators, the temperature gradients can be quite extreme. 
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There are two main conventional CVI variations that have been studied in depth 
for fabricating fibre reinforced CMCs; (i) the isothermal isobaric CVI (ICVI), classified 
as type I in figure 2.2 and (ii) the forced-flow thermal gradient CVI (FeVI), labelled as 
type IV, but the four main types as seen in the figure are discussed in this section for 
completeness. 
(ICVI) 
Isothermal isobaric process 
Type I 
HOT 
i i. tJ 
HOT 
i i i i 
Isothennal-forced flow process 
Type III 
(IFCVI) 
HOT 
'f't :t·· t 
__ COLD __ 
Thermal l:,'Tadicnt process 
Type II 
i i i i 
HOT 
COLD 
i i i i (FCVI) 
ThennaJ gradient ~forced flow process 
Type IV 
Figure 2.2: Type I to type IV CVI processes [44]. The arrows represent the flow of 
gaseous species. The darker regions are representative of the level of densification. 
2.1.2.1 Isothermal isobaric CVI (ICVI) 
ICVI is the most widely commercially used process; it involves a diffusion 
mechanism for the gaseous species transport [44-48]. The porous preforms are placed 
in a uniform-temperature zone of a hot-wall reactor under vacuum (~1 kPa). The 
gaseous reactants move across the preform and the delivery of molecular or atomic 
species onto the surfaces and internal porosities of the preform occurs through chemical 
diffusion in the gas phase. Similarly, gaseous reaction products must diffuse out of the 
preform back into the reactor, see figure 2.3. 
The main difficulties of this process are the tendency to deposit preferentially 
near the outer surface because the concentration of the reagents decreases on 
progressing into the preform and the concentration of products, which tend to lag the 
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deposition, increases within the preform. Long processing times (several weeks are not 
uncommon) are thus required to reach reasonably high matrix densities 
[25,27,45,46,48]. The external transport conduits can also seal before any significant 
deposition occurs at the centre of the preform. This relatively impermeable layer then 
slows the rate of infiltration and accentuates the density gradient that is known to be 
detrimental for mechanical properties. The process has to be interrupted several times 
in order to permit removal by machining of the dense "crust" formed on the exterior 
surface ofthe preform. This both significantly increases the duration of the process and 
the production cost, which can become uneconomical for all but very high value 
applications. 
Despite the long infiltration times, the ICVI process is, however, well suited for 
the fabrication of thin-walled, i.e. no more than 3 mm composites, of complex shapes 
[25,46,47]. 
Gases out +- ==:;-1 
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@ 
@ 
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@ 
Gases in--+-
Heating coils 
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@ 
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Fibrous 
preform 
Figure 2.3: Schematic of an isothermal isobaric chemical vapour infiltration process 
Isothermal chemical vapour infiltration has extensively been studied 
theoretically since the late 1980's and early 1990s [45,46,49-62]. A simple pore model 
describing the interaction between the diffusion and reaction mechanisms occurring 
duing ICVI was developed by Middleman [49]. Under conditions commonly used in 
commercial ICVI, the model showed that densification occurred directly from the 
surface reaction that arises from the decomposition of the precursor species. No gas 
phase reaction played a role in producing the composite. However, the author 
speculated that if a chemical scheme was found that produced the precursor species 
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through a gas-phase reaction and if the reactor was operated at a very short residence 
time, then it was possible to achieve densification from the inside out. This showed that 
the kinetics of gas-phase and surface reactions was a key factor in developing improved 
models for ICV!. A similar study was performed by Sheldon et al [52] for the 
fabrication of SiCtlSiC via the decomposition of methyltrichlorosilane (MTS). The 
authors observed that more uniform infiltration was obtained in the samples when 
baffles were placed in the reactor and HCl was added to the inlet gases. However, this 
model predicted that the infiltration of the preforms should be more uniform than the 
results they obtained experimentally. This discrepancy can be explained by the fact that 
the mass transport and the deposition kinetics are more complex than the description 
. they used. Robust numerical simulations were performed recently by Jin et al to 
simulate the developing fibre-matrix microstructure in two and three dimensions during 
ICVI [58,61,62]. However, the models do not incorporate either kinetic theory or 
percolation theory, which were used by previous authors [49-57] to describe the 
diffusion-reaction mechanisms and the preforms microstructure. Whilst the models 
were able to predict the residual porosity during the infiltration process and the precise 
locations and shapes for all pores, they were unable to predict the influence of the 
varying parameters on the infiltration stages. Further, significant discrepancy was 
observed between the numerical and experimental results. 
2.1.2.2. Thermal gradient CVI (TG-CVI) 
Many attempts have been made to introduce a thermal gradient across the 
preform via modifications to the heating system design, see figure 2.4 [63,64]. The aim 
is to attain high density and homogeneous ceramic composites and reduce the 
infiltration time. 
A steep thermal gradient is created by exposing one side of the preform to the hot 
zone of a furnace, figure 2.2, type 11. The part of the preform away from the source of 
heat is then cooler because of the self-insulation provided by the porous preform. 
Water-cooling at the bottom side of the preform can also be used to increase the 
temperature gradient if necessary. The gaseous reactant supplied via a flowing gas 
stream over the cold surface progresses axially and radially by diffusion from the cold 
side to the hot surface. Deposition of the matrix phase does not occur until the diffusing 
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reactants approach the vicinity of the hot zone of the preform. As deposition occurs at 
and near the hot surface, the amount of porosity decreases, causing the density and 
thermal conductivity to increase for the infiltrated portion. As a result, more of the 
preform is heated to a temperature high enough to cause significant deposition to occur. 
Infiltration occurs progressively from the hot surface toward the cold area. However, 
long infiltration times (weeks) are again necessary since the transport of reactants into 
the preform, and reaction products out, occurs by diffusion alone. It is usual to increase 
the temperature at the colder surface of the preform in order to attain sufficiently high 
temperatures further within the preform. The cold surface is generally machined off at 
the end of the process to remove material that was not sufficiently infiltrated. 
Sweep Gas 
Kanthal 
(Fe-Ct-AI alloy) 
Reactor 
Wall t 
Tempet'"dtute T 
CA."" Concentration . 
CA 
DepositioJl Rate 
t'G 
Exhaust 
., 
Figure 2.4: Schematic of a thermal-gradient CVI reactor, adapted from [69] 
The experimental results obtained from chemical vapour infiltration using 
thermal gradient proved that the process was indeed not appropriate enough to limit the 
drawbacks obtained from ICVI. Few mathematical models [65-68] developed during 
the past decade describing the TO-CVI process further helped to understand the 
disadvantages of applying the thermal gradient alone. Oupte and Tsamopoulos [65] 
utilized a single pore model and later used percolation theory [66] to demonstrate the 
importance of the pore geometry and the imposed temperature gradients on the 
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densification process. They concluded that although the thermal gradients improved the 
densification to some extent, thermal gradients alone were insufficient to 
counterbalance the diffusion limitations. Ofori and Sotirchos [67] later developed 
multidimensional models to describe TQ-CVI. They used a generalized form of the 
dusty-gas model' to describe the mass transport of the gaseous species in anisotropic 
porous structures. Their results indeed supported those obtained earlier experimentally 
and theoretically, however the models focused mostly on the effects of using 
multidimensional analysis. 
2.1.2.3 Isothermal forced flow CV! (IFCVI) 
To overcome the limitations imposed by diffusion, forced flow of the gaseous 
precursors can be used, see figure 2.2 type Ill. This process known as forced flow 
chemical vapour infiltration has been studied under isothermal. conditions [45,69-72]. 
In general, the experimental results showed that the IFCVI process was a technique by 
which dense ceramic composites could be produced in a rapid way and approximately 
five times faster as compared to ICVI. Mass transport no longer relies significantly on 
diffusion phenomenon but on the flow rate used. However, whilst this works well at 
high porosities, when some regions of the preform reach densities greater than 85%, 
they become impermeable as the porosity closes [45,69,72], ending the flow of reagent 
even though other regions of the preform may be of much lower density. Furthermore 
deposition then occurs preferentially near the preform surface leading to non-uniform 
deposition because the reagent concentration is highest here. This fact was supported 
by theoretical models constructed to investigate the process [73,74]. Vignoles et al [74] 
showed that the IFCVI process relied on the interplay between the chemical species 
transport and the chemistry, both inside and outside the porous medium. Proper control 
of these parameters would then result in the desired densification of the preform. 
During the past decade, IFCVI process has been mostly used to consolidate fibrous or 
particulate materials. 
2.1.2.4 Forced flow/ thermal gradient CVI (FCVI) 
FCVI is the most well-known chemical vapour infiltration process. It takes 
advantage of both a thermal gradient and a forced flow of reagents, see figure 2.2 type 
• 
see section 2.3.4 18 
CHAPTER 2: LITERATURE SURVEY 
IV. Oak Ridge National Laboratory (ORNL) [22) and Georgia Tech Research Institute 
[75) developed this approach specifically to overcome the problems of slow diffusion 
and restricted permeability. The processing behaviour relies on the combination of type 
II and type III processing. 
A steep thermal gradient is created by exposing one side of the preform to the 
hot zone of a furnace at temperatures around 1473 K, see figure 2.5. The part of the 
preform away from the source of heat is then cooler because of the self-insulation 
provided by the porous preform. Water-cooling at the bottom side of the preform may 
also be used to further expand the temperature gradient if necessary. Gaseous reactant 
supplied via a flowing gas stream over the cold surface progresses axially and radially 
from the cold side to the hot surface. Deposition of the matrix phase does not occur 
until the reactants approach the vicinity of the hot zone on the top side of the specimen, 
therefore preventing the entrance side from being sealed. As deposition occurs at, and 
near the hot surface, the amount of porosity decreases, causing the density and thermal 
conductivity to increase for the infiltrated portion. This results in more of the sample 
areas being heated to a temperature high enough to cause significant deposition to 
Heating element ____ 
.Perforated lid 
Graphite holder 
Infiltrated composite 
HOT ZONE 
EXHAUST GAS 
Reactant 
gases 
Water cooled surface 
Figure 2.5: Schematic of a forced flow CVI equipment (adapted from [22]. 
occur; alteration of the heating and cooling leads to a similar effect. Hence, infiltration 
occurs progressively from the hot surface toward the cold area [22,76-80). The cooler 
surface rises in temperature, causing eventual infiltration of the entire volume although 
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deposition quality occurring at the cold side is poor. However, the deposition times are 
greatly reduced compared to the ICVI process [22,76-80]. 
In FCVI, thermal gradients constitute an important parameter since they can 
lower the densification time. Any thickness can be infiltrated when a proper thermal 
gradient is selected [78,79] with the bottom temperature kept at temperatures high 
enough to avoid significant depletion of the gas and blockage in this region. 
The process is terminated when the pressure gradient (also called the back pressure) 
across the preform becomes too large due to the closure of the flow passages through the 
pores. This pressure drop across the preform is often monitored in order to follow the 
extent of the densification [79]. 
Some alternative flow paths which permit continued forced flow of the reagents 
through the preform, even after some regions have densified to the point where they are 
impermeable, can be created. Figure 2.6, shows the creation of lateral exits by cooling 
both the bottom and the sides of the disk allowing the build-up of reactant gases to 
evacuate on the sides since the deposition initially occurs preferentially at the middle 
top of the preform. 
i i i i 
HOT 
COLD L-__ -=-=...,..--__ --.J COLD 
i i i i 
Figure 2.6: Improved thermal gradient-forced flow CVI process. 
Uniformity and efficiency in the deposition across the preform are enhanced 
compared to ICVI. A reduction in the infiltration time to 10 - 24 h is expected when 
operating conditions are adequately selected [22,78,79]. However, even though the 
reaction is no longer kinetically controlled by diffusion, vapour deposition relying on 
forced flows has limitations. The composite never achieves the expected theoretical 
density since the reactant stream is forced to flow through the preform. The finest 
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porosity within the fibre bundles (tows) is only reached by diffusion. Experiments have 
shown that the maximum degree of deposition is achieved with the longest infiltration 
time [27]. Disadvantages also include more complex temperature and gas flow controls 
as well as greater complexity in processing multiple parts. It is only suitable for thick-
walled structures (~25 mm thick) of simple geometry [78,79]. 
Much effort has been done in the past to investigate the FCVI process 
theoretically and numerically [26,41,81-86J. One of the first such studies was done by 
Tai and Chou [26] in 1990. The authors applied a quasi-steady-state approach to model 
the FCVI process. They adopted a three-dimensional unit cell to simulate the spatial 
arrangements of reinforcements in the fibre preform. Their analytical results indicated 
that the final density of the composite was highly influenced by the position of the 
heating elements in the reactor. A highly uniform matrix deposition could be achieved 
by reducing the temperature differences among the heating elements in the reactor. 
Further, they also observed that the forced convection flow within the preform allowed 
for better uniform densification and significant reduction in processing time as 
compared to ICV!. However, they noted that significant increase in pressure was 
necessary to maintain constant flow rate. Consequently, they concluded that reducing 
the gaseous flow rate at the end of the process was desirable for further infiltration. The 
same authors later studied the effects of the activation energy of the decomposition 
reaction of methyltrichlorosilane (MTS) vapour in excess hydrogen for the fabrication 
of SiCtlSiC composites [83]. They observed that the type of reaction mechanism 
considered during the investigation affected the theoretical matrix decomposition. 
Starr and Smith [81] developed a three-dimensional model to study FCV!. The 
model results suggested a self-optimizing feature of the forced flow/gradient CVI 
process that produced uniform density in the final composite over a range of infiltration 
conditions. However, the model did not consider the effect of the increasing back-
pressure that is observed experimentally during the infiltration process. 
Gupte et al [82] modelled the process by using a Bethe lattice and percolation 
theory to account for utilized, unutilized and blocked pore space (see section 2.3). They 
also assumed Darcy's flow in the preform. Their results clearly showed that thermal 
gradients, when combined with pressure gradients, quite satisfactorily overcome 
diffusion limitations and provide increased control over the product quality. However, 
their results also showed that densification was limited by early termination of the 
process due to excessive pressure gradients. This competing effect lead to an optimum 
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flow rate beyond which lower overall densification was observed, in spite of better 
uniformity. 
Other mathematical and numerical models [41,84-86] showed similar results to 
those obtained from the models described above. The important fact that contributes to 
uniform density during FCVI, is that it is necessary to have a proper combination of 
flow rates and temperature gradients to avoid preferential deposition in the region close 
to the hot face. 
2.1.3 Limitations of CVI 
Although the chemical vapour infiltration process has an enormous potential for 
the fabrication of FRCMCs due to the advantages that it offers, see section 2.1.1, it 
does suffer some limitations. Some of these were discussed in section 2.1.2 and depend 
on the particular variant of CVI used. Since ICVI and FCVI are the two main CVI 
processes that have been extensively studied, some of their limitations are listed in table 
2.1. Note that the reactants involved in the matrix formation can be toxic, corrosive, 
explosive or a combination of these [88]. 
I 
1 
Limitations 
1 
ICVI 
...................... ·1. 
FCVI 
... .. .~-. -. . -.-- _ ...... ~."." .•. -. ... ,." ....... -............. -~ 
1 
Processing time 
1 
Up to 1000h I As short as 10-20 h 
1 
Number of parts Several to many 
1 
Single 
Sophisticated to 
i 
Reactor Large maintain both the 
thermal and pressure 
gradient 
I 
High due to lengthy High to due the costly 
Cost processing time and equipment and the intermittent machining high expenditure per 
-,- --" - ~- ~ -~ ~ ,,-,,-~--,,----.- ,,---,,- ~----- ..... operati()11s ....................... 
... "."- . ,-,"" . .... P~ ............ ~ .............. ~ ................... .,_"_",,,," 
.1 
Density 
1 
Up to 90% 
1 
Up to 90% 
:1 
Uniformity I Density gradients 
Relatively uniform 
near the hot zone 
:1 
Shape/size of the part 
1 
Complex/Thin (3 mm) I 
Simple/Thick (25 
. mm) 
Table 2.1: Limitations ofICVI and FCVI processes (adapted from 39) 
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2.1.4 CVI under microwave heating 
The conventional CVI processes that have been discussed above all rely on 
radiant heating of the fibre preform and hence thermal conductivity to control the 
temperature profile in the preform. The major problem encountered here is the 
preferential deposition in the preform's outer regions, which results in pore blockage, a 
non-uniform composite density, and/or residual porosity. An alternative is the use of 
microwave radiation at the heating source for the processing of the ceramic composites. 
The advantages of using microwaves arise principally from its ability to couple energy 
directly into the material being processed, leading to the formation of an inverse 
temperature profile, which allows the preform to be infiltrated from the inside out 
[28,29,30,39]. As a result, it can avoid pore closure and reduce deposition times an 
order of magnitude shorter than can be achieved using conventional ICVI with the 
production of uniformly and highly densified fibre reinforced CMCs. 
2.1.4.1 Prior experimental work at Nottingham Univ. 
Jaglin and Binner [30,39] investigated the densification mechanisms occurring 
in a microwave enhanced chemical vapour infiltration process depositing a SiC matrix 
in a Nicalon-based fibre preform to produce a SiCtlSiC fibre-reinforced ceramic matrix 
composite under pressure driven flow of the gaseous precursors. They investigated the 
kinetics of the SiC infiltration from hydrogen and methyltrichlorosilane. Hydrogen 
acting as a carrier gas in the reaction, is used not only for its lightness (reactant 
diffusion is then faster), but its presence is often necessary for reaction with chemical 
constituents such as chlorine. Optimum infiltration conditions were selected to analyse 
the densification process across the fibre performs. Pressure, temperature and hydrogen 
flow rates were the main influential parameters studied in the deposition of SiC matrix. 
The inverse temperature profile was successfully produced via microwave heating, 
resulting in preferential densification of the SiCtlSiC composites from the inside out. 
An average relative density of -55% was achieved in 24 h, representative of a gain of 
26 vo1.% from the initial vo1.% fibre. The centre was densified up to 70%. Table 2.2 
summarizes the advantages and disadvantages obtained from this study [39]. 
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• More spatially uniform, high-
density composites of complex 
shapes can be produced in 
comparison to conventional 
CVI processes employing 
radiant heating 
• Relatively short processing 
times; the infiltration proceeds 
more rapidly and to a greater 
extent with microwave 
heating/external cooling 
• No machining operations 
required to remove crusting, 
since the latter does not occur 
• Microwaves radiations 
enhance the deposition kinetics 
and the conversion rates. 
• MECVI may remain a slow process if it relies on 
the diffusion of the gas species. Higher reductions 
in time are expected in forced flow operations 
where deposition reactions are not transport 
limited. 
• Only one preform per run was produced at a time. 
However, it was possible to overcome this situation 
• There may be limitations on sample size and 
shape. Specific cavity design may be required 
• Spatially non-uniform electric field (hot and cold 
spots) and uncontrolled microwave mode jumping 
inside the preform may result in non-uniform 
heating and deposition patterns. Thermal runaway 
occurs when different rates of absorption occur in 
different parts of the sample 
• Undesirable gas-phase plasma formation at Iow 
pressures, with concomitant drop in power 
delivered to preform 
Table 2.2: Advantages and disadvantages of the microwave enhanced chemical vapour 
infiltration (MECVI) process [39]. 
2.1.4.2 Modelling of CVI under microwave heating 
Modelling and numerical simulations describing this newly emerging 
technology, forced-flow chemical vapour infiltration process under microwave heating 
(ME-FCVI), can eventually reduce the time consuming experimental part. If models 
can successfully simulate the heating behaviour, mass transport and reaction process 
during ME-FCVI, then the processing parameters can be changed accordingly to 
produce the desired composite without the cost of sample preparation and testing. 
However, proper modelling of ME-FCVI is quite difficult because of the complexities 
involved during the process. A proper theoretical knowledge of microwave heating of 
ceramic materials is necessary to understand the heating stage during ME-FCV!. In the 
next section, the use of microwaves to process ceramic materials is described. 
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Accordingly, knowledge of the following physico-chemical phenomena should as well 
be taken into account before modelling ME-FCVI: 
• Mass transport of the gaseous species in the preform (convection and diffusion 
mechanism) 
• Chemical reactions taking place inside the preform 
• Porous medium structural evolution 
These phenomena are described in later sections. 
2.2 Microwave processing of materials 
2.2.1 Introduction 
Originally, microwaves were principally used for communication and radar 
[88,89]. In 1950, the use of microwave energy to heat materials was discovered [90-
92]. Now microwaves ovens have become common for heating food products in the 
home. The potential advantages of microwave heating have led researchers to design 
and implement new processes for industrial use. The most prominent characteristic of 
microwave heating is its volumetric nature, which is quite different from conventional 
heating where the heat must be conducted in from the surface of the material. 
Volumetric heating means that materials can absorb microwave energy directly and 
internally and convert it to heat. It is this characteristic that leads to advantages from 
using microwaves to process materials. 
In the past, microwave heating had been successfully used in the following 
fields: tempering meat, preheating rubber slugs, vulcanizing rubber, drying crushed 
oranges and organic/inorganic synthesis [93]. Such industrial applications were centred 
on relatively Iow temperatures. Beginning in the late 1980s, there was growing interest 
in high temperature microwave processing of materials. With some successful 
applications both at laboratory and industrial scales, for example, in the field of ceramic 
processing (ceramic sintering, joining and slip casting), microwaves were justified as a 
potential heating mechanism to replace some conventional heating methods. These 
potential applications have attracted more researchers to this field [91,94-96]. 
However, a basic understanding of microwaves and their interaction with 
ceramic materials is required to realize the promise, as well as to understand the 
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limitations, of microwave processing. Although there is a broad range of ceramic 
materials that can be processed using microwaves, there are fundamental characteristics 
and properties that make some of these materials particularly conducive to microwave 
processing and others difficult. Further, while an empirical understanding of microwave 
processing is important in moving developmental processes into production, a more 
fundamental approach is required for development of optimized process cycles, 
equipment and controls [97-99]. For instance, repeatability of a measurement is 
challenging during microwave processing since the results can be affected by a number 
of factors, including changes in dielectric properties during processing, electromagnetic 
interferences with temperature measurements, sample size and placement of the sample 
within the cavity. The purpose of this section is to discuss, in general terms, the 
fundamental nature of microwaves, a mathematical description of the wave propagation 
and their interactions with materials and how these interactions generate heat. 
2.2.2 Fundamentals of microwave heating 
Fig 2.7 illustrates the electromagnetic spectrum. Radiation whose frequencies 
range from 300 MHz to 300 GHz, with wavelengths ranging from a few mm to 30 cm, 
are referred to as microwaves and heating effects that occur in this frequency range are 
referred to as microwave (MW) heating. Frequency bands have been specifically 
allocated for Industrial, Scientific and Medical (ISM) applications by the Federal 
Communications Commission [97] with the principal frequencies centred at 915 MHz 
(896 MHz in the UK) and 2.45 GHz. 
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Figure: 2.7: The electromagnetic spectrum [100] 
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2.2.2.1 Wave propagation 
Microwaves are propagating electromagnetic waves composed of an oscillating 
electric field E and magnetic field H. These fields are perpendicular to each other and, 
in phase, are known as transverse electromagnetic (TEM) waves. As with all other 
carriers of electromagnetic energy, microwaves obey Maxwell's equations [100-102] 
and thus depend on interrelationships between the time-varying magnetic field and the 
time-changing electric field. The spatial and temporal variations of E and H are thus 
obtained by solving Maxwell's equations. Although the differential forms ofMaxwell's 
equations are mostly used for obtaining solutions, the physical significance of 
Maxwell's equations is best understood in their integral forms [89,90]. The first 
equation is Faraday's law of induction: 
,.f E.dl=-~ I Bd·nds, 1c, dt s, (2.1) 
which states that the induced electromotive force around a closed current carrying loop 
Cl enclosing a surface Se is equal to the negative of the rate of change of the magnetic 
flux associated with Se' Bd is the magnetic flux density and the integral on the right 
hand side represents the magnetic flux and n is the unit outward vector normal to the 
surface Se' 
The second equation is an extension of Ampere's law: 
(2.2) 
which states that the magnetomotive force around a closed loop Cl equals the sum of 
the ohmic current and the rate of change of the displacement current enclosed by the 
loop. In equation (2.2), J e is the current density and Dd is the displacement flux 
density or electrical displacement. The original form of Ampere's law was stated only 
for time independent fields and did not involve the displacement current. The extension 
of Ampere's law to time dependent fields by Maxwell culminated for the first time in a 
consistent set of equations for time varying electromagnetic fields. Equation (2.2) is 
often referred to as the Ampere-Maxwelllaw. 
The last two equations are Gauss's laws: 
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(2.3) 
and 
(2.4) 
Equation (2.3), where per) is the charge density, states that the net outward flux of the 
electrical displacement Dd' from a closed surface S, enclosing a volume V" is equal 
to the net charge contained in V,. Equation (2.4) states that the net outward magnetic 
flux from a closed surface S, is equal to zero. Equations (2.1-4) are the Maxwell's 
equations in integral form [90]. 
The constitutive equations relating J, D and B to E and Hare: 
J, = a(w)E(t), Dd = s(w)E(t) Bd = p(w)H(t) , (2.5) 
where a(w) is the electrical conductivity, sew) is the permittivity, pew) is the 
magnetic permeability of the material and w = 2;if, where f is the frequency of 
radiation. In linear dielectric materials, 0"( Ol), c( Ol) and Jl( Ol) are independent of the 
field intensity. Causality between the field quantities in the constitutive equations (2.5) 
requires that 0"( Ol), c( Ol) and Jl( Ol) be complex quantities that are functions of Ol. 
The differential forms of equations (2.1) and (2.2) obtained by applying Stokes 
theorem are: 
'I1xE=_aBd 
at 
and 
aD 
'I1xH=J + __ d. 
, at 
(2.6) 
(2.7) 
The differential forms of equations (2.3) and (2.4) obtained by applying the divergence 
theorem are: 
V· Dd = per) (2.8) 
and 
(2.9) 
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Equations (2.6-2.9) are MaxweIl's equations in differential form. Combining these with 
the constitutive equations in equation (2.5) allows the electric and magnetic field 
distributions in an object exposed to microwaves to be obtained. 
2.2.2.2 Microwave/material interactions and polarization 
Important applications of microwaves result from their interaction with various 
types of materials. This research deals particularly with microwave interactions with 
ceramic materials, which are also referred to as dielectric materials in this thesis. When 
a dielectric material is placed in the path of microwaves, microwave/material 
interactions may take place and heating of the material may be initiated. The 
interactions take place through the electric and magnetic field. Without an electric field, 
the dipoles (atoms and groups of atoms) that have an unbalanced charge are randomly 
orientated and the net polarization is zero. However, the application of an electric field 
in a dielectric material results in the formation and the movement of the dipoles, which 
results in a net polarization of the substance. There are several mechanisms that are 
responsible for this occurrence, including: electronic, ionic, molecular (dipole) and 
interfacial (space-charge) polarization [99,103-105]. In general, the addition of an 
applied field to each of these mechanisms in a normal state will cause a displacement of 
charge, which results in a polarization in the direction of the field. This effect on each 
mechanism can be seen schematically in figure 2.8. For a given material, the sum of the 
contributions from each mechanism determines the net polarization, P
n
, of the 
dielectric material: 
~ = ~/ectroniC + ~onic + Pmolecular + ~nteifaCial • (2.10) 
1. Electronic Polarization 
For a dielectric material in a normal state, electrons are bound to their parent 
atoms and are fixed to their equilibrium positions. This mechanism becomes apparent 
upon application of an electric field, under which the electrons are shifted from 
equilibrium with respect to the positive nuclei in the direction of the field. In this state 
the atom acts as a temporary induced dipole. 
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2. Ionic or Atomic Polarization 
Ionic or atomic polarization differs from the electronic mechanism in that it 
occurs due to the relative motion of the atoms instead of a shift of the electron clouds 
surrounding atoms. Under an applied field, a separation of charge is caused which 
yields a displacement of the cations and anions in crystals relative to their equilibrium 
positions. Specifically, cations are attracted towards the negative electrode and anions 
are attracted towards the positive electrode. 
3. Molecular Polarization 
Molecules are randomly oriented in a material in a normal state so that there is 
no net charge present. Molecule or dipole polarization occurs when an external field 
aligns permanent dipoles parallel to the field. In some materials, this polarization can 
be retained upon removal of the field due to the need for thermal activation of 
molecular rotation. 
4. Interfacial Polarization 
In interfacial or space charge polarization, mobile charge carriers in a 
heterogeneous material are accelerated by an applied field until they are impeded by 
and pile up at physical barriers. This build up of charge dictates the polarization of the 
material. Grain/phase boundaries and free surfaces are common barriers. 
The polarization resulting from the mechanisms above is strongly influenced by 
frequency [106] and the individual mechanisms have varied dependences of their 
polarization upon frequencies. In general the larger the size of the sample involved, the 
slower the response upon application or removal of a field and consequently the 
relaxation frequency is lower. 
The origin of microwave heating lies in the ability of the electric field to 
polarise the charges in the material and the inability of this polarisation to follow rapid 
reversals of the field that, consequently, cause loss mechanisms. Polarisation in the 
material is thus responsible for microwave heating in dipolar materials [99]. 
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Figure 2.8: Schematic representation of the polarization mechanisms in materials [103] 
2.2.2.3 Dielectric properties and dielectric loss mechanisms 
The configuration of a microwave field in the presence of a material is 
determined by Maxwell's equations with the appropriate boundary conditions [97]. The 
degree of interaction or absorption of microwaves is characterised by the complex 
permittivity of the material. The expression of the complex permittivity is obtained as 
follows: If Maxwell's equations are solved in the frequency domain with a time-
harmonic dependence of the fonn e-'M, then the electric and magnetic field are given 
by E = Ee-'''-'' and H = He-'''' respectively. t represents the time variable and OJ is the 
angular frequency. Using the constitutive equations (2.5) to replace Bd and Dd in 
tenns of Hand E, equation (2.6) can be rewritten as: 
Vx E = iOJ.u(OJ)H (2.11) 
and equation (2.7) as: 
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v X H = [a(m) - ims(m)]E = -ims * (m)E. (2.12) 
The term involving a represents the condition currents and the term with c represents 
the contribution from displacement current. In a good conductor the conduction 
currents dominate and in a good dielectric displacement currents are large. In most 
materials heated by microwaves both terms contribute to the currents. A general 
treatment for wave propagation in such materials is carried out by defining s * (m) in 
equation (2.12), as the complex permittivity where: 
ia(m) 
s*(m) = s(m)+--
m 
= s'(m) + is'(m). 
(2.13) 
In the second line of equation (2.13), s * has been split into its real part c' (= Re(c'», 
which represents the material's ability to store electrical energy, and an imaginary part 
c' (= Im( c'», which accounts for dielectric loss through energy dissipation. Since c 
and a are in general complex functions, c' = Re(c) - Im(a/ro) and 
c" = Im(c) + Re(a/ro). Thus the conductivity and dielectric properties contribute to 
both c' and c' [97,107]. This is the most general relationship for c' and c' with c and 
a. Most texts prefer to ignore the complex forms of c and a whereby 6' = c and 
6" = a/ro. With such an assumption, a is in reality an effective conductivity of the 
material incorporating conductive as well as dielectric losses. In either case, a proper 
interpretation of 6' and c" requires an appropriate model for the constitutive 
parameters c and a. The term lossy is commonly used in the MW literature to denote 
materials that dissipate electrical energy into heat. 
The measured 6' and 6" are typically reported scaled with respect to the free 
space permittivity co' Hence the relative permittivity k' and the relative dielectric loss 
kW, are: 
k' = 6'/60 and k' = c'/co . (2.14) 
If magnetic effects are negligible, the magnetic permeability ft( ro) is well 
approximated by its value fto in free space. If this is true, then the relative dielectric 
constant k' and k' are the two electrical properties of the material that are sufficient 
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for studying microwave heating. In one and two dimensional spaces, equations (2.11) 
and (2.12) can be coupled together to obtain: 
(2.15) 
where 
(2.16) 
Equation (2.15) is known as the wave or Helmholtz equation whose solutions represent 
waves travelling in opposite directions. The propagation constant k is represented as a 
complex quantity 
k = a +ifJ, (2.17a) 
where a and fJ are related to the dielectric properties of the medium and frequency of 
radiation by 
(2.17b) 
(2.17c) 
k" 
where the loss tangent, tan t5 = 11 and t5 is the phase angle change between the 
electric field and the current. In equations (2.17b) and (2.17c) we have used the 
property c, = 1/ ~ Polio where c, is the speed of light in free space. The phase constant 
a represents the change of phase of the propagating wave and is related to the 
wavelength of radiation in the medium, A" by 
A = 2:r 
, , (2.18) 
a 
which in free space reduces to Ao = c, / f . The attenuation constant fJ controls the rate 
at which the incident field intensity Eo decays into a sample. The quantity fJ-1 is 
known as the penetration depth, that is, the distance at which the field intensity 
decreases to 1/ e of its incident value. 
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2.2.2.4 Poynting theorem and power dissipation 
The expression for the absorbed power is obtained through the Poynting 
theorem [97,107]. The power flux associated with a propagating electromagnetic wave 
is represented by the Poynting vector S and the time average power flux for harmonic 
fields is [97]: 
(2.19) 
where H' denotes the complex conjugate of H. The Poynting theorem allows the 
evaluation of the power absorbed in the medium. It is expressed as: 
and states that the net power flow across a surface Se enclosing a volume Vc equals the 
power absorbed in the medium (real part) to that stored in electric and magnetic fields 
(imaginary part). E' denotes the complex conjugate of E. Applying the divergence 
theorem to equation (2.20), the differential form of the Ponyting theorem is: 
V' =--I1J& . +111J - • +--E·E n S  k"E E' . (PO H H' &ok' ') 
2 0 2 2 ' 
and the power absorbed per unit volume is: 
Pab (r) = - Re(\1· S) 
= ..!..l1Jeok" E . E' . 2 
(2.21) 
(2.22) 
Hence with a knowledge of the electric field distribution in the medium the local power 
absorbed is obtained from (2.22). Note that the absorbed power is only dependent the 
electric field intensity in the sample and k" if the latter is dependent on temperature. 
2.2.2.5 Temperature distribution 
When a dielectric material is heated using microwave energy, electrical energy 
is converted to heat. Thus knowing how the heat propagates within the material, or in 
other words knowing the temperature distribution, is very important. However, the 
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atmosphere surrounding the material is not directly affected by the microwave energy 
and hence will be at a lower temperature than the surface of the dielectric. The well-
known conservation law of energy states that the rate of energy incident upon a control 
surface, El enclosing the material plus any rate of internal generation, P" must balance 
the rate at which the energy stored changes within the control volume, E2 plus the rate 
at which energy leaves the control surface E3• Therefore we can write: 
(2.23) 
The internal heat generation is a volumetric process, which in microwave heating is due 
to the flow of displacement currents or the tendency of permanent dipoles present to re-
orientate. By assuming that the material forms the control volume, the equation for the 
heat flow, including a volumetric source, P" can be written as 
(2.24) 
where T represents the temperature distribution, q is the total heat flux vector, Pp is 
the material density and c p is the specific heat. Here the total flux q incorporates heat 
losses due to conduction and radiation and can thus be written as 
(2.25) 
where q, denotes the conductive heat transfer, qR represents the term due to radiation 
and k, is the thermal conductivity. Hence knowing the other parameters in (2.24), the 
temperature distribution, T, can thus be found. The direct consequence of this 
volumetric heating of a dielectric by microwave radiation is the creation of an inverse 
temperature profile across the sample [29,30,35,37,39,99], see figure 2.9. The 
magnitude of the profile is controlled by the input of microwave power and the external 
cooling or insulation conditions [30,39]. 
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Figure 2.9: Inverse temperature profiles for silicon carbide fibres heated by microwave 
energy [30]. 
2.2.3 Limitations of the microwave heating of ceramic materials 
In the past decade, microwave processing of ceramic materials has become an 
area of intense activity [93,97,98]. Microwave heating is attractive because of its 
app licability in vo lumetric heating at an accelerated rate (much faster than conventional 
methods) and with good control. Investigators in the field hope to produce efficiently 
high-quality materials and products. However, microwave processing has not always 
been as successful as proponents of the technology had hoped [97,98, I 08]. Due to the 
complexity of microwave interactions with materials, the successful application of 
microwave processing places a heavier demand on understanding the technique than 
does conventional heating. Further, there exist major drawbacks hindering the 
development and exploitation of this emerging technology. Among these limitations, 
include such phenomena like non-uniform heating, thermal spikes, hot-spots formation 
and thermal runaway [114,116,120,123,124] (refer to section 2.2.5), which cause the 
deleterious effect of non-uniform material properties. For example, Vogt et al [120] 
observed thermal spikes in microwave processing of ceramic oxide fibres . The heating 
of aluminalsilica fibre tows in a single mode microwave cavity produced hot-spots that 
lasted for only a few seconds. The thermal spikes were triggered by a small increase in 
power, after which that section of the fibres became cooler than before the power 
mcrease. 
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These limitations of microwaves are a function of physics whereby the 
wavelengths of the waves are smaller than the overall materials dimensions being 
processed. Such difference in wavelength to material geometry is the inherent causes 
for non-uniform heating associated with microwaves. Moreover, they are caused by the 
temperature dependencies of the electrical and thermal properties of the irradiated 
material. For example, the dependence of the effective electrical conductivity on 
temperature nonlinearly couples Maxwell's equations (2.6)-(2.9) to the heat equation 
(2.24), while the presence of the electric and polarization fields in the source term of 
the heat equation couple it nonlinearly in the other direction. 
2.2.4 Modelling microwave heating of ceramic materials 
There has been a considerable amount of work directed at the understanding of 
the nonlinear microwave heating process during the early 90's and it has all dealt with 
one and two-dimensional models. The heating of a dielectric material in half-space has 
been examined in the low electrical conductivity limit [109], [110], in the low thermal 
conductivity limit [111-113] and in models where these parameters were taken as 
powers of temperature, for a variety of thermal boundary conditions applied at the 
interface. Spatial structures corresponding to hot spots have been discovered in the 
second limit and response curves relating the final steady state temperature to the 
incident microwave power have been given for the first. However, these curves are 
monotonic and do not explain phenomena such as thermal runaway. 
Thomas et al [114] developed an elementary model of the heat transfer process 
during the sintering of ceramic oxide fibres, to observe the formation of thermal spikes 
and hot spots. They concluded that thermal spikes in microwave heating of these 
ceramic fibres are apparently caused by a reduction in dielectric loss as temperature 
exceeds a phase transition temperature, which lead to a new phase with smaller 
dielectric loss. However, this model ignores the coupling between the microwave field 
and power absorbed by the fibre. 
Deepak and Evans [115] investigated a two-dimensional model illustrating 
microwave heating of ceramic bodies. They demonstrated the effects of microwave 
parameters, external cooling conditions and the material geometry on the temperature 
gradient. They concluded that the power density of the microwaves and the external 
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cooling could be manipulated together to control both the temperature and the 
temperature gradient with the specimen. They also showed that microwave heating of 
irregular-sized material could lead to phenomena like thermal runaway. 
The models described above, however, ignore the fact that the dielectric 
properties strongly depend on temperature for certain ceramic materials, as explained 
earlier. In a systematic effort to understand the governing physics of microwave heating 
of ceramic materials on the macroscopic level, including the temperature dependencies 
of the electrical and thermal properties, Kriegsmann has conducted small Biot number 
asymptotic analysis ofthe coupled non-linear system of the time harmonic electric field 
and the heat equation for (I) an infinite one dimensional ceramic slab of finite thickness 
on the order of a slab wavelength located in free space [116] and (2) for a two 
dimensional slab of similar thickness situated in a TE/03 applicator' with adjustable iris 
[117]. In case (1), he offered a plausible explanation for thermal runaway through an S-
shaped response curve relating the steady state slab temperature to the incident power. 
This phenomenon is discussed in detail in the next sub-section. In case (2), he again 
obtained the S-shaped curve and demonstrated how the shape of the curve depends 
upon the coupling of the microwave to the cavity and upon the effect of the subsequent 
heating on this coupling. By considering various aperture sizes, he further showed that 
the shape of this response curve is strongly affected by the skin effict" and cavity 
detuning. 
Booty and Kriegsmann [118] developed and analysed a mathematical model 
describing microwave heating and joining of ceramic cylinders. They showed the 
formation of hot-spots, which propagate and stabilize during the joining process. They 
deduced that if the temperature in the relatively warm region of the hot spot is 
sufficient for sintering, then ceramic fibre could be slowly pulled through the 
wave guide, thus insuring that the entire sample is processed. Later Kriegsmann [119] 
focused on the consequences of hot spots in microwave heating of ceramic fibres. He 
developed an analysis of the microwave heating of a thin ceramic cylinder in a single 
mode, highly resonant cavity to study the non-uniformity of the electric field along the 
axis of the cylinder. He observed that the locally elevated temperature and 
corresponding electrical conductivity at a hot spot affects the local structure of the 
electric field and consequently, this interaction had the potential to affect the heating 
process in turn . 
• Transverse electric mode applicator, 1 and 0 show the number of half cycles of sinusoidal variation of intensity 
exiting within the applicator whose length is 3 half wavelength of the electromagnetic field . 
.. The phenomenon in which the penetration depth of the electromagnetic field decreases with increase in the 
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During microwave processing of ceramic materials, some materials of 
commercial interest, such as alumina, are essentially transparent to microwaves and 
thus require a large amount of power to be able to reach desired temperatures. Whilst 
others such as silicon carbide absorb microwaves readily. Investigators have explored a 
susceptor-based heating technique to overcome these difficulties associated with 
processing either type of materials [120,121]. Most susceptor-based heating schemes 
involve the simultaneous heating of two electrically and thermally disparate materials. 
When these materials are in contact, the scheme can be viewed as the heating of a 
ceramic laminate. The material heating of such a laminate composed of three layers 
was modelled and analysed successfully by Pelesko and Kriegsmann [121]. They 
investigated the heating of a low-loss material, i.e. microwave transparent placed in 
between two lossy materials, susceptors, using microwaves. They illustrated that the 
use of the susceptors indeed lowered the power required to heat the low-loss material. 
Further they showed that the maximum stable temperature varied as a function of the 
thickness of the suceptors and this variation could be used to control phenomena like 
thermal runaway. 
Following a similar trend, Kriegsmann and Tilley [122] later developed a 
mathematical theory describing the use of microwaves to heat ceramic laminate panels 
that occurs in a variety of industrial processes such as chemical vapour infiltration. The 
model took into account the microstructure of the thin constitutive ceramic slabs that 
make up the laminate composite. They investigated the heating trends for a variety of 
porosity levels present within the composites for CVI applications. They deduced that 
thermal runaway could occur during the infiltration process in CVI process. In addition, 
they studied the effect of the incident polarization on the heating process. They 
concluded that the use of a TE polarized' incident microwave is inefficient in certain 
CVI applications, but produces a more favourable temperature gradient as compared to 
TM polarization". 
2.2.5 Thermal runaway 
Among the limitations described above, thermal runaway is the major drawback 
hindering the widespread use of microwave energy [99,123,124]. This is due to the 
uncontrolled rate of rise of temperature brought about by the positive slope of the 
microwave loss factor (imaginary part of the dielectric property), E" versus the 
• A propagation mode in which the axial field component is a magnetic field vector. The axial electric field 
vector is zero. 39 
•• A propagation mode in which the axial field component is an electric field vector. The axial magnetic field 
vector is zero. 
CHAPTER 2: LITERATIJRE SURVEY 
temperature response T. This is shown qualitatively in figure 2.10. Generally the rate of 
rise of temperature of a material is proportional to the power dissipated, whilst heat is 
conducted away at a rate proportional to aT \1 2T (see equation 2.24), where 
aT = k, / c pP p' is the thermal diffusivity of the ceramic and \12 is the Laplacian 
operator [97]. An equilibrium temperature is established when the energy input is equal 
to the rate of loss. Most ceramics exhibit a loss factor characteristic as depicted from 
Figure 2.10. However, for some of them, the rate of energy input far exceeds the rate of 
heat loss. Therefore, after an initial absorption of the microwave energy, the 
temperature rise beyond Tc, the critical temperature, will cause E" to increase, which in 
turn results in a further rapid temperature rise and so on. Often, the critical temperature 
is near, or even below, the temperature at which the material processing occurs. 
Damage to the ceramic is possible at this stage; hence precise control of the material's 
Figure 2.10: Qualitative representation of the loss factor with temperature, where 
Tc is the critical temperature when runaway occurs [34]. 
temperature profile is essential. 
Although experimental reports about thermal runaway are mentioned in many 
papers, a systematic experimental study is rarely seen. One experimental result was 
given by Roussy et al [123], where the microwave heating of rubber was studied. It was 
found that when the incident power level was 25 W, a steady temperature could be 
attained; but when the power level was increased to 35 W, the temperature increased 
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rapidly starting from some point and finally the rubber was burned. Similar 
observations were made by Zhang et a1 [124] when studying the effect of increase 
power level on the heating Pt! Ah03 catalyst. Two common points exist in these 
experimental reports. First, below a critical microwave power level, a stable 
temperature could be attained by the materials at the end of the process and this 
temperature increases with increasing power. The second point is that the temperature 
of the material increases rapidly with a slight increase of input microwave power from 
that critical power level. The experimental results show that the temperature response 
to the input power is not continuous; at some critical power value a temperature 
discontinuity exists. These observations are supported by the theoretical analysis of 
thermal runaway performed by Kriegsmann [116]. He found that the steady-state 
temperature as a function of the input microwave power gave an S-shaped response 
curve. A predicted curve is illustrated in figure 2.11, where different electric fields 
intensity represents different input power levels. 
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Figure 2.11: Stability analysis using S-shaped curve. 
Every point on the curve represents a thermally balanced state. The S-shaped 
curve divides the whole electric field and temperature plane into two regions. In region 
I, heat loss is larger than heat absorbed by the materials. In region 2, heat loss is less 
than heat absorbed by the materials. Suppose there is a point e on the middle branch of 
the S-shaped curve. If the temperature fluctuates slightly, the temperature will keep 
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increasing or decreasing until it reaches an equilibrium point on the upper or lower 
branch. Then from this S-shaped curve, the dynamic response for different power levels 
can be derived. Based on the energy balance, Kriegsmann concluded that the middle 
branch of the S-shaped curve was unstable. For that reason, a temperature jump is 
possible, suggesting a plausible mechanism for thermal runaway control problems. 
After Kriegsmann' s initial work, other researchers found the S-shaped curve 
under different conditions. For example, lackson et al [125] developed a one-
dimensional model for microwave heating of a sphere in a rectangular resonant cavity. 
Their results were similar to Kriegsmann's [116]. They observed that for long 
processing times, the surface temperature of the sphere was nearly unchanged while the 
centre temperature experienced thermal runaway, since only surface temperature could 
be measured during experiments; this result can be important for processing materials. 
Later, Gupta et al [126] analysed a one-dimensional slab heated by microwaves. 
Following the lead of previous authors, the S-shaped curve was used to analyse the 
thermal stability. One interesting result was that thermal runaway could be avoided by 
selecting a particular thickness of the slab. 
Although the models described above are different from each other, the 
common point is that the dielectric loss factor 8" plays the most important role in 
thermal runaway. 
2.2.5.1 Control of thermal runaway 
Thermal runaway during microwave heating can be prevented by controlling 
accurately the temperature of the material. This can be achieved successfully by 
varying the input microwave power during the process. Experimentally, one way to 
achieve the latter is by using a temperature control unit with a feedback control system 
between the temperature output and the microwave system [39]. A schematic diagram 
of a system is shown in figure 2.12. A type-K thermocouple, inserted halfWay through 
the thickness of the sample by means of a 3 mm hole drilled at the centre, is used as a 
sensor to measure the temperature. The temperature controller connected to the 
microwave unit is used as a feedback source to adjust the magnetron's output by 
comparing the sample temperature with the set-point temperature defined by the user. 
Figure 2.13 shows a typical temperature increase for a Nicalon-based preform under 
controlled microwave power [39]. This was done by setting an upper limit on the 
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microwave power level and this limit was gradually increased when more microwave 
energy was needed to reach higher temperatures. This approach was valuable for 
preventing the sample from undergoing thermal runaway. 
There exist different types of feedback that are used to control the temperature 
of a heated system since in reality the system temperature constantly drifts above and 
below the set point most of the time. One of the temperature contro llers that use 
sophisticated means of reducing these variations is a Proportional-Integral-Differential 
(PID) contro ller. It was used in the above experiment to control the temperature of the 
sample. The PID controller employs three basic feedback control modes: proportional 
(P), integral (l), and derivative (D) control. This can be expressed mathematically as 
(2.26) 
where Pa• represents the power absorbed, Pgaia is the proportional gam of the 
controller, Dc is damping constant, I gai. is the integral gain parameter and t represents 
the time. 1', and T are the set-point temperature and the temperarure of the sample 
respectively. 
Microwave 
Energy 
Microwave system 
i r,'~"~~p~:~ . Microwave control unit Temperature controller 
i control L-______ --' 
• • 
l..........................._.. . .. ...................... ............ ..  
Sample 
Temperature data 
Microwave cavity 
Figure 2.12: Schematic of the feeooacK comrol system oetween the temperature output 
and the microwave system 
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Figure 2.13: Typical temperature increases for a non-infiltrated Nicalon-based preform 
under an inert atmosphere [39]. 
Some mathematical models describing controlled microwave heating of 
ceramics have been developed in the past. Tian [127] numerically modelled the rapid 
microwave heating of a ceramic sample without destroying the material through 
thermal runaway. His idea was to start out at a power level greater than the critical 
power (power needed for thermal runaway to occur) and allow the system to evolve. 
Then as the process began to accelerate and temperature began to approach the critical 
value, the power was cut back to a level less than the critical power. If this was done 
correctly and at the right time, then the temperature approached a stable equilibrium, 
hence avoiding runaway. 
Kriegsmann [116] later developed a simple control model for the microwave 
heating of ceramics in the small Biot number limit. This control process militated 
against thermal runaway and enabled the desired steady state temperature to be easily 
reached. In studies of a thin slab and a thin cylindrical sample the small heat loss 
assumption allowed the forced heat equation to be averaged. Hence an ordinary 
differential equation was obtained, which was coupled with the control equation to 
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describe the evolution of the temperature. The choice of the feedback parameters 
involved was shown to be important with respect to overshoot of the temperature. 
Beale and Li [128] developed an automatic feedback control system for 
controlling the temperature of ceramic samples heated by microwave energy. The 
control system to manipulate the microwave power level was designed based on a 
linearization of a nonlinear dynamic heating model and a nonlinear equation relating 
the temperature at the core of the sample to that at the surface. The control system was 
able to regulate the temperature of the sample about a reference value with little 
oscillation. They have also shown that for low-loss materials, the control system was 
able to prevent thermal runaway, allowing regulation of the material temperatures 
above the runaway value. 
Whilst it has been shown to be theoretically possible to control thermal runaway 
during the microwave heating of ceramics, in practice however, this has not always 
been the case. One of the reasons behind this is the lack of reliability and accuracy of 
the temperature measurements. This is mainly due to the occurrence of non-uniform 
microwave heating. 
2.3 Mass transport in porous preforms during CVI 
The transport of the gaseous species in the porous media can be due to several 
mechanisms. Three of these mechanisms are often considered most dominant -
molecular diffusion, Knudsen diffusion and convection (Darcy flow) [129,130]. This 
section discusses these three mechanisms as applied to the transport of the gaseous 
precursor inside the porous preform during CVI. 
2.3.1 Molecular diffusion 
The gaseous precursors in the porous media can move by molecular or Fickian 
diffusion if the pores are large enough. In this process, the different species of the 
gaseous mixture move relative to each other under the influence of concentration 
gradients (concentration diffusion) and temperature gradients (thermal diffusion). Here 
the molecule-molecule collisions dominate over molecule-pore wall collisions. 
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Molecular diffusion is described by Fick's law: 
Jf = -DV'C, (2.27) 
where J f is the molar flux, D is the diffusion coefficient and C is the concentration 
of the precursor. Generally, the diffusion coefficient for a binary system, like hydrogen 
and MTS, which is used to produce SiCtlSiC composite via CVI, is a function of 
temperature, pressure and composition. The data available on D for most binary 
mixtures are, however, quite limited in range and accuracy [130]. The available 
correlations of the molecular diffusion is thus of limited scope and are based more on 
theory than on experiment. For a system like hydrogen and MTS, where hydrogen is in 
excess, for the production of SiCtlSiC [39], the mixture can be considered as dilute and 
according to the Kinetic theory [130], D can be expressed as 
(2.28) 
where P is the pressure, n is the Lennard-Jones parameter for the pair of gases, n is 
the collision integral and T is the temperature. M H, and M MTS are the molecular mass 
of hydrogen and MTS respectively. 
2.3.2 Knudsen diffusion 
In Knudsen or free-molecule diffusion, the gaseous species densities are so low 
that collisions between molecules can be ignored compared to collisions of molecules 
with the pore walls. This occurs when the pore radius is small compared to the mean 
free path of the diffusing species. The flux of molecules of any species through any 
kind of pore is equal to the number of molecules of that species passing into the 
entrance of the pore per unit area per unit time multiplied by the probability that a 
molecule that enters the pore will eventually get all the way through and not bounce 
back out the entrance [129]. This probability depends only on the geometry of the pore 
and the law of reflection for molecules hitting the inner walls of the pore. 
If there is a gas with a molecular density of nm molecules at one end of the pore 
and a vacuum at the other, the free-molecule flux, J K is then given by 
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(2.29) 
where W f is a dimensionless probability factor and v is the mean molecular speed 
given as 
(2.30) 
kB being the Boltzmann's constant and M g is the molecular mass of the gas. 
2.3.3 Convective (Darcy's) flow 
The movement of the gaseous precursor in a porous material can be described 
by Darcy's law [131], written as: 
Q=_kpVp , 
f.l, 
(2.31 ) 
where Q is the volume flow rate per unit area, P is the pressure, f.lv is the viscosity of 
the fluid and kp is the permeability. The gaseous species act as a continuum fluid 
driven by a pressure gradient and molecule-molecule collisions dominate molecule-
pore wall collisions. The pore size and length are variable in a porous preform. The 
permeability includes an averaging of the pore size, length and shape to determine the 
volume flow rate. 
The velocity of the fluid in the pore will be much higher than Q because the 
latter is based upon the volume of fluid passing through a unit area, only a small 
portion of which is composed of pores. Thus a fluid particle will move a distance Lp in 
a time that is much smaller than Lp / Q, but it is the quantity Q that is observable in 
porous flows and that is of most practical interest. 
During the early stage of CVI, the transport process of the gaseous species takes 
place mostly through molecular diffusion when the operating pressure is low enough. 
However, as the radius of the pores decreases with densification of the preform, 
Knudsen diffusion becomes the predominant mechanism. Similarly, under conditions 
with large pressure gradients (the case during forced-flow), Darcy flow of the gaseous 
47 
CHAPTER 2: LITERATURE SURVEY 
reactants within the pores becomes dominant. Some authors have considered the 
contribution of molecular and Knudsen diffusion together with viscous flow by using 
the Dusty Gas Model [129] to develop multi-component CVI models 
[32,33,45,51,67,132]. This model accounts for the contributions of all these 
mechanisms and it has been shown that it is suitable for simplified porous medium 
[45,51]. 
2.3.4 Description of the Dusty-Gas model 
The Dusty-Gas model is a theory which describes the transport of gases through 
porous media. It is so called because it treats the porous medium as a component of gas 
mixture, consisting of giant molecules, like dust in a gas. Transport equations for the 
gas through the porous media are derived by applying the kinetic theori of gases. The 
model divides the molar flux NI of species i into diffusive and convective 
components, given by: 
(2.32) 
where x f I is the mole fraction of species i and N T is the total molar flux of all the 
gaseous species present. A gaseous phase is assumed to consist of Ne components. The 
Dusty-Gas model is used in the following formulation to evaluate molar fluxes of the 
various components present. The diffusive component of flux J I is related to the 
gradient of its mole fraction and the total pressure by: 
where 
1 
1- D;' 
~x L,..l.!... 
8=1 D; 
VP, (2.33) 
(2.34) 
Here p denotes the total pressure of the system, R is the universal gas constant and T 
is the temperature of the preform. D,~ and D; are respectively the effective molecular 
and Knudsen diffusion coefficients of species i. Equation 2.33 provides Ne-1 
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linearly independent relations for the diffusive fluxes of Ne components in the gaseous 
phase. The additional relation between the diffusive fluxes is given by: 
N ~>, =0, (2.35) 
j=l 
which can be combined with Equation 2.33 to solve for the diffusive flux of each 
species. Once the diffusive components are known, the total flux N T due to diffusion 
and viscous flow of the multi-component mixture is given by: 
1 
RT 
(2.36) 
where k p is the permeability of the porous preform and fl is the viscosity of the gas 
mixture. Variations in the diffusivities due to temperature, pressure and pore structure 
are given by: 
D' = DO (po )(!.-)1.65 S 
I) I) T. 1 
P 0 
(2.37) 
for molecular diffusivities and: 
( )
1.65 
D,' =D,o~ S, (2.38) 
for Knudsen diffusivities. D~ and DiD are reference diffusivities at reference 
temperature To and pressure Po and can be estimated using the Chapman Enskog 
theory [130]. SI and S, represent the pore structure parameters dependent on the 
particular pore structure model used. If the latter is represented by a network of 
uniformly sized cylindrical capillaries [45,51] then the pore structure parameters and 
the permeability coefficient are given by: 
(2.39) 
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(2.40) 
The molar fluxes for the gaseous components considered can be evaluated using the 
above set of equations and the results obtained can be incorporated in the mass balance 
conservation equations for the gaseous species. The Dusty-Gas model, however, is 
applicable for low-pressure systems only [33,45,67]. 
Considering the gas-transport and reaction aspects of the CVI process, it is a 
natural approach to use a minimum of two coupled partial differential equations that 
describe changes in the reactant concentration and the solid structure as a function of 
both position and time. The fundamental conservation laws lie at the heart of these CVI 
models developed so far. Starr's finite volume model [46] is based on the mass balance 
equation: 
(2.41) 
where C is the concentration of a chemical species, D is the diffusion coefficient, U 
is the gas velocity in the x-direction, RR is the molar deposition rate per unit of solid 
surface area and Ss is the solid surface area per unit volume. Both Chang's [55] and 
Sheldon's [52] models are based on conservation of volume 
d.9 
-=-uxS,(.9), 
dt 
(2.42) 
where .9 is the void fraction (porosity), u is the solid product growth rate and S, (.9) is 
the gas/solid surface area per unit volume of the porous preform. These two models 
took different functions of S,(.9): S,(.9) = 2(~) (1- .9o)r r in [52], where ro is the 
.90 ro ro 
radius of the initial cylindrical fibres and r is the radius of the coated fibres, and 
S,(.9) = 2.JSF, in [55], where r is the cylindrical pore radius and ro is the initial 
ro 
pore radius. In both cases .90 is the initial porosity. Mathematical models in these forms 
show the effect of key process variables and can be used to analyze the optimization 
and control of infiltration during the CVI process. 
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The system of equations describing the mass transport and reaction process can 
finally be coupled with the system of equations describing the microwave heating of 
the preform to describe the microwave enhanced CVI process. 
2.4 Mathematical modelling ofME-FCVI 
2.4.1 Process variables during ME-FeVI process 
In order to build a mathematical model of the microwave enhanced forced-flow 
chemical vapour infiltration (ME-FCVI) process, first it is necessary to understand the 
key process factors, viz. temperature, pressure, precursor concentration and flow rate. 
Optimal choices of these variables can reduce the infiltration time, increase the 
deposition rate and improve the uniformity of infiltration. These variables also affect 
the structure of the deposited matrix and therefore the properties of the composite 
product. A brief qualitative description of the influence of these important process 
variables is given below. 
Temperature. A reduction in the processing time can be achieved by using higher 
temperature but at the expense of steeper temperature profiles [31,35,38]. This will 
significantly affect the density and composition gradient across the preform. Therefore 
it is important to understand how the microwave heating parameters are affected by the 
material and electrical properties changes that occur during the process. Knowledge of 
the dielectric properties of the ceramic structure and their variation during processing is 
essential to predict the evolution of the temperature in the sample to avoid the 
limitations that occur during microwave heating. Further, the work carried out by Jaglin 
also showed that the stoichiometry of the SiC deposited on the inside the fibrous 
preform is affected by temperature. Thus a proper understanding of this effect is vital. 
Pressure and flow rate. The total gas pressure has a strong influence on the diffusion 
and kinetic processes [39,78,83,86]. Chemical reaction rates typically decrease with a 
reduction in flow rate. Further it has been shown that applying forced-flow overcomes 
diffusion limitations and decreases the processing time. However, during processing the 
permeability of the preform decreases, which results in an increase in the pressure 
gradient across the sample. 
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Precursor concentration. A reduction in the reagent concentration typically decrease 
the reaction rates, hence increases the processing time. However, it has minimal effect 
on the uniformity of the matrix composition [38]. 
Reaction type. This is the nature of the reaction and it determines the deposition rate 
of the matrix materials. In this research, the deposition of silicon carbide (SiC) from 
methyltrichlorosilane (MTS) is considered as a paradigm for the production of SiCtlSiC 
composites. The following equation governs SiC formation during the ME-FCVI 
process: 
CH3SiCl3 (g) + n1 H2 (g) ~ SiC(s)+3HCI(g)+nl H2 (g) 
MTS is decomposed in the gas phase at high temperatures into SiC solid phase and HCl 
gaseous species, H2 acting as the carrier gas in the reaction. The by-product HCl can 
have a strong inhibition effect on the process [46,52]. 
The deposition of SiC from MTS is, in fact, a very complex reaction 
[24,97,133] with the MTS gas phase decomposition sequence essentially completed 
within one second. The deposition sequence probably involves mUltiple steps or 
competing forward or reverse reactions [133,134]. 
Generally, the changes in the process variables that enhance uniform infiltration 
also unfortunately decrease the overall matrix deposition rate. Low temperature, low 
reagent concentration and low pressure particularly reduce the deposition rate and 
result in long infiltration times. The goal of process optimization is therefore often 
linked to the objective of achieving a balance between obtaining uniform infiltration 
and reducing the total processing time. However, one of the major factors that affects 
the processing variables described above, and which in turn affects the whole process, 
is the change of the pore structure and surface area. The mathematical difficulty lies in 
that the microscopic pore structure is too complex to be expressed in an analytic way 
and that during the process it may change topology and form inaccessible pores as 
deposition progresses. Figure 2.14a-b shows example of the densification of a SiCtlSiC 
composite by CVI. In the first figure macro-pores are clearly visible between the tows' 
of fibres and layers of cloths. In the second figure, an infiltrated tow is indicated with 
some remaining inaccessible intra-tow" porosity. Systematically detecting these 
"' Bundle of twisted or untwisted continuous fibres. A tow may contain tens of thousands of individual continuous 
fibres . 
.. Describing the porosity existing between fibres within a tow. 52 
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changes and adjusting the temperature, gas transport and deposition accordingly impose 
a huge computational workload on the model. 
Layer 
Figure 2.14: (a) Structure of a cross-sectioned woven SiCtlSiC composite. (b) Cross-
section of a tow showing SiC fibres, intra-tow porosity and SiC matrix situated on the 
outside of the tow (adapted from [39]). 
2.4.2 Modelling of porous preform during CVI 
Many mathematical models have been presented in the past to describe structure 
evolution in porous media undergoing morphological changes as a result of the 
chemical reactions and matrix deposition occurring during the CVI process 
[53,61,64,65,66,83,135,136,137]. Because of the mathematical difficulties involved in 
modelling the evolution of pore microstructure, some basic assumptions were made to 
simplify the problem when establishing the CVI models. 
The most popular simplification was that a single cylindrical pore of a 
characteristic diameter representing a typical pore in the substrate. Gupte's model [65] 
utilizes a single pore to demonstrate the importance of the pore geometry, total gas 
pressure, temperature and imposed temperature gradient on the degree of densification 
achieved. Vu's generalized pore model [135] uses a network of cylindrical pores to 
represent porous structure and it also assumes uniform pore length. Sotirchos' 
distributed pore size and length model [136] takes the same approach but relaxes the 
assumption to a population of cylindrical pores with a distribution density over the size 
range of pores. Figure 2.15 shows a two-dimensional sketch representing a porous 
structure modelled as a network of cylindrical pores and the evolution of diameter r(t) 
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for a single pore. This model was adapted by Langhoff et al [61] to study isothermal 
chemical vapour infiltration. 
Another assumption that was made implicitly or explicitly by most CVI models 
is that the whole internal surface area of the substrate is accessible to the reacting fluid 
at all porosity levels and all times, that is, inaccessible pore volume formation does not 
take place. In order to incorporate this phenomenon, some models take into account the 
percolating characteristics of the porous structure of CVI fibrous preforms and involve 
percolation theory to make the process stop after the porosity reaches a certain level. 
direction 
of 
gas flow 
x 
(a) 
](t) 
(b) 
, ' 
dO 
p 
Figure 2.15: (a) Schematic view of the pores in a substrate during CV!. (b) Schematic 
ofthe evolution of a single pore (adapted from [61]). 
In Gupte's effective medium approach [66], the transient porous microstructure 
is approximated by a Bethe lattice (see figure 2.16) and concepts of percolation theory 
are used to account for utilized, unutilized and filled pore space. In Starr's gas-transport 
model [137], a node-bond percolation model, the porosity is represented as a network 
of spherical "nodes" connected by cylindrical "bonds". Percolation theory is also used 
in Vu's [135] and Sotirchos [136] models to predict creation of trapped porosity as 
density increases and the smaller pores are filled. 
Tago et al [64] considered a cubic array of disconnected cylinders to model the 
porous structure of a SiC whisker preform. In this model, the whiskers were separated 
at the initial time as shown in figure 2.17. As the infiltration progresses, the whiskers 
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radius R f and the length L f increase accordingly and the whiskers began to connect 
with each other. 
(a) (b) 
Figure 2.16: (a) Schematic of a Bethe lattice of coordination number z = 3 and (b) the 
corresponding pore network (adapted from [66]). 
Chung and McCoy [53] represented the geometry ofa woven fabric as a system 
of layered plies of woven tows containing bundles of filaments to obtain a non-
homogeneous model. Three different regions or voids for diffusion and deposition were 
included in the model: holes due to weaving, spaces between plies and gaps around 
filaments (see figure 2.18). 
Figure 2.17: Cubic array of disconnected cylinders model describing a whisker preform 
[64]. 
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diffw~ioll 
ply(layer) 
(b) Detnils of two plies 
t 
diffusion 
(a) sample of 13 plies 
Figure 2.18: Schematic drawing of a woven fabric preform: a is the side-length of the 
square holes, b is the distance between plies, c is the thickness of one ply, d is the width 
of a tow and h is the height of the sample. 
Tai and Chou (83) successfully modelled the microstructure of a fibrous 
preform by adopting a unit cell whose edges and diagonals represent fibre tows. The 
sample was divided into a finite number of unit cells with their dimensions depending 
on the density of the preform and the initial radius ofthe fibre tows. 
2.4.3 Literature review of chemical vapour infiltration models under 
microwave heating 
The use of microwave heating in the CVI process has been modelled in a 
variety of ways. The first such model was reported by Gupta and Evans (31). These 
authors used a very simplified model of the perform structure (a single pore model) and 
pseudo steady-state equations to describe the processing of a SiC composite, 
considering diffusion transport of the gaseous precursors. Based on some further 
simplification the model lead to the conclusion that infiltration proceeded more rapidly 
and to a greater extent with microwave heating/external cooling than in isothermal 
infiltration. The model also suggested that infiltration could be optimized by 
manipulation of the microwave power and external cooling. Further, the computed 
extent of infiltration was seen to be very sensitive to the initial pore size. The same 
authors later developed a two dimensional model in which mass fluxes were expressed 
according to the dusty-gas model [35]. This time, the porosity of the preform was 
modelled by cylindrical capillaries lying parallel to the x- and y-axes. They 
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demonstrated that at least one dimension of the preform must be short in order for gas 
to diffuse through it, thus suggesting that only sheet-like, rod-like or thin walled 
ceramic composites could be produced using CVI technology. They also observed that 
a lower processing temperature yielded a more uniform deposition of the matrix 
material, however, the processing time was longer. 
Shortly thereafter, a mathematical· model describing the infiltration of a 
cylindrical carbon preform by representing volumetric heating as a constant heat source 
was proposed by Morell et al [32]. They included a detailed description ofthe transport 
reaction processes and of the evolving pore structure in their investigation; the dusty-
gas model was used to describe the transport processes. The preform was envisioned as 
consisting of identical cylindrical fibres randomly positioned in three-dimensional 
space. They showed that volume heating resulted in favourable temperature profiles in 
the composite, which, depending on the power level, yielded an inside-out deposition 
and therefore complete densification, However, considering a constant applied power, 
they observed that accessible porosity becomes trapped inside the composite above a 
critical power level. They then suggested several power modulation schemes to 
optimize the densification process. In a follow-up study, Morell et al [33] proposed a 
novel technique called pulsed power volume heating CVI. In this technique the power 
of the volume-heating source was modulated according to a prescribed waveform. 
Operating conditions were identified leading to substantial improvements in deposit 
uniformity within the preform. These studies, however, assumed thin samples; hence 
microwave power attenuation was not a problem. 
A chemical vapour infiltration scheme that combines pressure pulsing and a 
volume heating method was formulated by Ofori and Sotirchos [132]. A rigorous mass 
transport and reaction model for multicomponent mixtures in the porous medium, a 
ceramic slab, was employed to investigate the developed process. They revealed that 
for relatively thick performs, significant temperature gradients were encountered only 
close to the external surfaces. Thus, by applying rectangular wave pressure pulsing, 
under other appropriate operating conditions, they observed that densification 
proceeded from the centre toward the surface of the preform. However, since the 
microwave heating generated a flat temperature profile in the interior, the sinusoidal 
pulsing had no effect on the density gradients close to the centre. Further significant 
density gradients close to the centre were observed when non-zero minimum pressure 
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pulsing was employed. They concluded that pulsing at the optimal times became 
progressively less important as the densification process continued. 
However, the models described above considered that the local electrical and 
thermal properties are independent of temperature. This eventually decoupled the 
electromagnetic portion of the problem from the heat transfer and reaction/diffusion 
parts, hence allowing a simplified analysis of the process. Further, this simplification 
avoided the authors from observing the occurrence of phenomena like thermal runaway 
during the process, which can lead to dramatic effects during the densification process. 
Skamser et al [36] used a numerical model to simulate the temperature and 
composition distributions produced inside a specimen heated with microwave energy. 
The dielectric properties of the specimen were allowed to change with composition, 
resulting in non-uniform power absorption and steady-state temperature gradients. They 
observed that when the specimen became less lossy or when the changes in the 
microwave heating properties were gradual, the reaction proceeded relatively uniformly 
and the volumetric heating created an inside-out densification. However, when the 
changes in the properties were significant, the microwave heating resulted in high 
temperature gradients, which lead to hot zone formation. The formation of these hot 
zones, which could lead to thermal runaway, however, was not discussed in the paper. 
2.4.4 Prior work at New Jersey Tech (NJIT) 
The model developed by Pelesko and Kriegsmann [121], describing the heating 
of a ceramic laminate without any chemical reaction, was considered by TiIIey and 
Kriegsmann [37] to develop a simple one-dimensional model of CVI into a fibrous 
alumina preform to fabricate a SiC/Ah03 composite via the decomposition of 
methyltrichlorosilane. From the initial model, it was found that if the square ratio of the 
thermal conductivities of SiC and alumina was proportional to the ratio of their 
electrical conductivities, then the electric and thermal problems decoupled. In the 
model, a plate of SiC was placed in between two layers of alumina. The temperature in 
the preform (alumina) was essentially constant and the substrate (SiC plate) 
temperature obeyed a heat equation, with a heat flux entering the preform from the 
substrate that depends on the total power conversion within the substrate and the time 
rate-of-change of the temperature. Tilley and Kriegsmann have extended this model by 
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including a moving front separating the substrate from the prefonn [37] and have 
considered the dynamic version of the microwave enhanced CVI process: as the desired 
product fills the pores, the electrical properties change considerably from the unfilled 
region. Such property changes in exothennic chemical reactions have been modelled 
successfully using asymptotic techniques [138,139]. These rely on a thin reaction zone, 
a flame front, whose thickness scales on the inverse of the activation energy in which 
the chemical process takes place, separating the unreacted zone from the process 
region. Appropriate jump conditions in reactant concentration and temperature can be 
found by analysing the full reaction system in the reaction zone and using matched 
asymptotic expansions to find the appropriate boundary conditions. They found that 
infiltration time could be improved significantly if the prefonn was attached to a 
substrate whose electrical and thennal properties were disparate. They also found that 
three stages of the process exist for large activation energies; an inert heating stage 
during which the substrate temperature rises, a processing stage during which the 
reaction occurs and a tenninaI stage characterized by a nearly unifonn prefonn 
temperature. However, in this model they have defined the reacting front as an isothenn 
in the material, ignoring variations in the reactant concentration. In a later work [38] 
they found that these effects were significant although the temperature at the interface 
composite material and unreacted material remained fixed during the reacting stage of 
the process. 
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CHAPTER 3 
MICROWAVE ENHANCED FORCED-FLOW CHEMICAL 
VAPOUR INFILTRATION: - A 2-D MATHEMATICAL 
MODEL 
3.1 Introduction 
This chapter describes the two dimensional mathematical model developed in 
the course of this research project to study the effects of the process variables on the 
densification profiles and processing times occurring during Microwave Enhanced 
Forced-Flow Chemical Vapour Infiltration (ME-FCVI). Due to the complexities 
involved in developing such model, two sub-modules were first developed separately: 
(1) an electromagnetic (EM) module where Maxwell's equations coupled with the heat 
diffusion equation were solved to determine the electromagnetic and temperature 
distributions within a preform having a constant porosity level, and (2) a forced-flow 
chemical vapour infiltration (FCVI) module in which the mass balances, pressure 
distributions and porosity variation describing the infiltration process of the porous 
preform were evaluated. The first model also investigated the occurrence of thermal 
runaway under decreasing porosity during ME-FCVI. These two sub models were then 
coupled together to study the effects of altering the processing variables on the 
deposition profiles and processing times. Section 3.2 considers the mathematical 
formulation of these sub-models whilst the numerical techniques used to solve the 
coupled system of equations are detailed in section 3.3. The numerical results obtained 
for the two models from simulations are outlined and discussed in section 3.4. 
3.2 Model formulation 
The experimental investigation for ME-FCVI undertaken by Jaglin [39], where 
the densification of SiCr/SiC composites was carried out, was considered here to 
develop the model. Figure 3.1 shows the schematic of the apparatus used during the 
experimental process, details outlining this work can be found in [39]. The process 
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chamber, consisting of a quartz tube with a porous SiC prefonn fixed inside it, resides 
inside a microwave cavity whose dimensions are much larger than the sample. 
Methyltrichlorosilane (MTS) in excess hydrogen was allowed to flow continuously 
through the tube and the sample via an inlet at a pressure PI, as indicated by the upward 
arrow, and to leave the chamber via two outlets, indicated by the downward arrows. 
Since the process chamber was made of quartz, which is microwave transparent, it 
allowed electromagnetic fields to propagate inside it to heat the prefonn volumetrically 
to the desired temperature. The gaseous precursors flowing through the porous prefonn 
chemically reacted at the elevated temperatures to deposit solid SiC matrix within the 
pores, thus fonning the composite. These different processes occurring within the 
quartz tube were modelled separately in the following sub sections. 
Microwave supply system 
MTS+H2 
--
Vapour delivery system 
(Bubbler) 
MW 
Microwave cavity 
Process 
Chamber 
Quartz 
tube 
L ... " ........ ~ ....C;::=~=:;::[ .... M .......... _ •• .1 
t··· .. ······ .. ···· .. ·· ..... , 
, 
Pressure 
safety device 
Pressure control 
-Scrubber 
system 
Vacuum 
pump 
To 
atmospheric 
Figure 3.1: Schematic diagram of the ME-FCVI apparatus - MFCs = mass flow 
controllers, MW = microwave radiation. 
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3.2.1 Electromagnetic (EM) sub-model 
In this sub section, the EM sub-model describing the microwave heating of the 
preform is outlined. Figure 3.2 shows the 2-D schematic diagram considered to develop 
the model. The quartz tube was assumed relatively long, c » b, compared to the 
thickness ofthe sample. 
MTS+H2 +HCI 
t t t 
y = Iq ...... 
-+.y 
I 
MW 
Quartz tube 
y = b .. _ ..
MW~ 
y =-b ...... 
MW 
Y =-Iq 
x=-a t t t x=a 
MTS+H2 
Figure 3.2: Schematic diagram considered for the mathematical model, showing the 
flow of precursors inside the quartz tube and through the fibre preform under 
microwave heating. MW - microwaves, MTS - methyltrichlorosilane, HCI -
hydrochloric acid, H2 - hydrogen gas 
The following approximations are considered to solve for the electric field within the 
preform: 
• The preform was assumed to be homogeneous and isotropic. The width of the 
sample was assumed to be much larger than its length and thickness. 
• The sample was also assumed to be in free space occupying an arbitrary cross 
section, where four identical electromagnetic plane waves were allowed to 
propagate through it as shown in figure 3.2. 
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• The operating frequency of the EM fields was 2.45 GHz, thus for this high 
frequency, the temperature of the preform followed only the time-averaged 
value of the power deposited by the fields. 
3.2.1.1 Governing equations for determining the electric field 
Under these conditions, Maxwell's equations were solved in the frequency 
domain with a time-harmonic dependence of the form e-;,a and are given by: 
VxE=iw,uH, (3.1) 
VxH =-iweE+O"E, (3.2) 
where V is the del operator, w is the angular frequency, ,u is the magnetic 
permeability, e is the permittivity and 0" is the electrical conductivity. E and H 
represent the electric and magnetic fields respectively. It was further assumed that 
,u =,uo ' where ,uo is the magnetic permeability of free space. Hence equations (3.1) 
and (3.2) were reduced to: 
(3.3) 
h N 2 e . 0" d k 2 2 • h . .. f f Th were =-+1- an 2 = W ,uoeo' eo IS t e pemutuvlty 0 ree space. e 
eo weo 
incident fields were considered polarized linearly in the z -direction and considering 
the fact that the problem was two dimensional, the following expression was obtained: 
(3.4) 
The total electric field was actually the sum of the incident electric fields, E'n,' and the 
scattered electric fields, E, given by: 
(3.5) 
where the incident field satisfies the Helmholtz equation (3.4), with N 2 = 1 in free 
space. Using (3.4) and (3.5) the following equation was finally obtained: 
(3.6) 
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Equation (3.6) was solved by a Green's function approach [140]. Considering the free 
space Green's function and using the fact that the scattered fields satisfied the radiation 
condition in the far field away from the sample, the following integral equation was 
obtained after some mathematical analysis: 
(3.7) 
where H ~1) is the Hankel function of the first kind of order zero. A detailed description 
for converting equation (3.6) to (3.7) is provided in appendix 1. The body over which 
the integration in equation (3.7) was performed was actually the SiC sample. Equation 
(3.7) does not give an explicit solution for the electric field E, since E also appears 
under the integral sign. However, a numerical solution to equation (3.7) was possible 
and is described in section 3.3. Since it was assumed the preform to be subjected to EM 
waves from all four sides; the electric fields of the EM waves were Eoe;"x z, Eoe-ik,x z, 
Eoe;"Y z, Eoe -;',y Z. These fields were superimposed to obtain a single incident field 
given by: 
(3.8) 
where Eo is the amplitude of the incident fields. 
It is noted at this stage that the microstructure of the porous sample was neglected, thus 
a uniformly dense SiC preform was assumed heated by the microwaves. However, the 
porosity factor tjJ can be included explicitly in the effective electrical properties, which 
are temperature dependent. The properties generally increase with increase in 
temperature T. Thus assuming these properties to be linearly dependent on the porosity 
(for convenience) and re-arranging N 2 , the following expression was obtained: 
N 2 = k'(tjJ, T) + ik*(tjJ, T), (3.9a) 
where, 
(3.9b) 
(3.9c) 
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The subscript s corresponds to the properties of the solid material and g to the 
properties of the gas mixture present in the voids within the preform. k' and e are the 
relative permittivity and dielectric loss of the preform. 
3.2.1.2 Governing equations determining the temperature distribution 
Within the preform the electric field interacted with the solid material and 
increased its temperature by dipolar heating according to the equation: 
aT ( ) 1 H 1- 12 ppCp(t/J)--=;- = V· k,(t/J)VT +-cok (t/J,T) E(x) 
ut 2 - (3.10) 
where Pp, C p and k, are the density, specific heat and thermal conductivity of the 
preform respectively. These thermal properties were assumed to depend linearly on t/J 
as follows: 
(3.l1a) 
k,(t/J) = k" (1- t/J) + k'gt/J. (3.l1b) 
Implicit in equation (3.10) is that the time t was much greater than an electromagnetic 
wave period, 2n . By averaging the heat equation over a wave period, this wave period 
Ol 
time scale was effectively removed to obtain the form of the source term in (3.10). 
The preform was initially at the ambient temperature, To, that is: 
T(x, y;O) = To' (3.12a) 
Due to the symmetry of the problem, the temperature distribution was solved only for 
the 1st and 4th quadrant, that is for 0 ~ x ~ a and - b ~ y ~ b. No flux boundary 
condition was applied on the symmetry line, x = O. At the exterior surfaces of the 
preform, heat was lost due to convection and radiation to the surroundings. Thus the 
thermal boundary conditions on these interfaces, x = a and y = ±b , were respectively: 
aT 4 4 
±k,(t/J)-+h,(T-To)+Sbe(T -To)=O' ay 
x=a 
y=±b 
(3.12b) 
(3.12c) 
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where h, is the heat transfer coefficient, Sb is the Stefan-Boltzmann constant and e is 
the thermal emissivity of the preform. In general, the convection term is significant 
only at lower temperatures. Convective losses are quickly overpowered by radiation 
losses once relatively high temperatures are attained. The mass transport I reaction sub-
model is formulated next. 
3.2.2 Forced-flow chemical vapour infiltration (FeVI) sub-model 
The configuration of the homogeneous isotropic fibrous preform under the 
pressure-driven flow of the gaseous precursors, shown in figure 3.2 during the chemical 
vapour infiltration process, was considered. The gaseous precursors, MTS and H2, were 
allowed to flow through the quartz tube and the sample as indicated by the upward 
arrows. The unreacted MTS gas together with H2 and HCI were assumed to flow 
continuously upward in the tube. As previously assumed, the width of the sample was 
much greater than its length and thickness. Thus a two-dimensional porous medium at 
the beginning of the deposition process was investigated. Figure 3.3a shows a 
schematic diagram of the fibrous preform used for the ME-FCVI process [39]. The 
preform was manufactured by stacking multiple layers of fabric, consisting of fibre 
tows, arranged together in random orientations. 
3.2.2.1 Modelling of the porous preform 
To simulate the microstructure of the fibrous preform for the mathematical 
model, a three-dimensional unit cell was adopted here, see figure 3.3b. The sample was 
divided into a finite number of unit cells and the following assumptions were made 
regarding the reactant properties, the preform structure and the flow phenomena: 
• Fluid flow within the preform obeyed Darcy's law 
• Thermal equilibrium was achieved among the matrix formed during the process, 
fiber bundles and reactants in a unit cell. 
• Deposition was uniform throughout the unit cell. 
• Heat generation by chemical reaction was neglected compared to the amount of 
heated generated by the microwave heating. Thus, as seen from equation (3.10), 
no extra heat source term is present. 
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This type of porous structure modelling has successfully been used in the past by Tai 
and Chou [83]. The dimension of the unit cell depends on the density of the preform 
and the initial radius of the bundle of fibers. Within the unit cell, knowing the bundle 
volume content c" (bundle volume in the unit cell/total unit-cell volume), the 
dimension of the unit cell can be mathematically deduced. Generally speaking, during 
the process the matrix grows radially from the surface of the bundles. The idea that the 
matrix grows radially from the surface of a sphere was adopted to model the matrix 
deposition at the centre and corner of the unit cell due to bundle entanglement. 
(3.3a) 
Fihrp. tnws 
(3.3b) 
Figure 3.3a: Shows the schematic diagram of the fibrous preform used for the ME-FCV! 
process [39]. Figure 3.3b: Unit cell for a 3-D fibrous preform. The edges and the 
diagonals represent part of bundles of fibres (fibre tows) present in the preform. 
However, the internal porosity (intratow) present within each bundle is neglected, thus 
these bundles are assumed perfectly dense and cylindrical in shape. 
If r denotes the radius of the bundle offibers initially, then 
(3. 13 a) 
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where L.. is the length of the edges in the unit cell. (The derivation of equation 3.13a 
can be found in appendix 2). 
The porosity, I/J, of a unit cell during the process was calculated from 
(3.13b) 
where v, and Vb represent the volume of the solid and the bulk volume of the unit cell, 
respectively. v, was obtained by calculating the matrix deposition within a unit cell 
during processing. The porosity of a unit cell was then expressed as: 
I/J = 1 ((..f3 +4)L.. + ((0 -..f3)/27 -14/6X6- 2..f3)- 4)r}J31lr2 z.; (3.13c) 
where r is the radius of the bundle of fiber in the unit cell which increased during the 
process. 
Similarly, the effective specific surface area available for reaction to occur during the 
process in a unit cell is given by 
A= ((6+8..f3)L.. -((l4/3)~18-6..f3 +So..f3/3+14})1lr 
z.; (3.13d) 
Based upon this model describing the porous preform, the pressure, porosity and MTS 
concentration distributions during the process were calculated and their effects on the 
initial input parameters like the flow rate or vice-versa was investigated. 
3.2.2.2 Governing equations for the mass transport/reaction processes 
The mass conservation equations for the flow of the reactants (MTS and H2) and 
their composition variation are expressed as: 
(3.14) 
(3.15) 
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(3.16) 
where V is the fluid velocity vector, t is the time, Pt and Pp, are the fluid and SiC 
densities respectively. D is the diffusion coefficient; C is the concentration of MTS in 
the fluid, r is the net mass transfer rate (reaction rate) during thermal deposition of 
MTS from fluid to solid. The densities of SiC and the fluid (average densities of MTS 
and H2) were assumed constant in this analysis. Since H2 was regarded as a carrier gas 
during the process, its mass conservation equation was disregarded at this stage, as it 
didn't take part in the reaction. Also any effect of the by-product, HCI, formed during 
the process was ignored at this level. 
Darcy's law was used to relate the driving pressure P to the flux of the fluid: 
(3.17) 
where /1, is the viscosity of the fluid and k p is the permeability of the porous preform. 
Further, since the mass fraction of MTS in H2 was relatively small, the fluid system was 
considered as dilute. Thus binary diffusion is appropriate to be considered whose 
coefficient D is given according to the kinetic theory [130] by: 
D 
0.001858 T 3j2 ~_1_ + _1_ 
MMTS MH , (3.18) 
where n is the Lennard-Jones parameter for the pair of gases, n' is the collision 
integral, T is the temperature and M H, and M MTS are the molecular weight of H2 and 
MTS respectively. The relation between the permeability and the geometry of the 
matrix is important for realistically modelling the non-linear processes involved here, 
but a clear analytical description is not obvious. Nevertheless, permeability was 
commonly assumed to be a power law function of porosity [83]: 
Ju2 In(0.64 /(1- ~)2) ~ 
97.6 1-~ 
(3.19) 
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The viscosity was assumed constant in the analysis. The chemical reaction in this study 
was the pyrolysis of methyltrichlorosilane (MTS) gas under excess hydrogen. The 
decomposition reaction is expressed as: 
(3.20) 
The reaction rate was assumed to be first order in the precursor concentration and to 
have an Arrhenius-type dependence on the temperature, given as: 
r = k, Cexp(-Ea / RT), (3.21) 
where k, is the reaction constant in, Ea is the activation energy and R is the universal 
gas constant. It is observed here that the reaction rate was consi~ered to be proportional 
to the mole fraction of MTS. 
Due to the symmetry of the problem, the system of equations is solved only for ° :'> x :'> 
a and - b :'> Y :'> b. The initial and boundary conditions are given as: 
At time t =0, 
C(x, y,O) = Co 
P(x,-b,O) = 1\ 
P(x, b,O) = P2 
The boundary conditions are: 
C(x,o, t) = Co' 
ap =0 
ax ' 
aC =0 
ax ' 
ac =0 
ay , y=b 
x =0, x=a 
(3.22a) 
(3.22b) 
(3.22c) 
(3.22d) 
(3.22e) 
(3.22f) 
The values PI and P2 are maintained fixed during the process to investigate the effect 
of allowing a fixed pressure gradient across the sample. On the other hand, to maintain 
a constant mass flux of the gaseous precursor, the outlet pressure P2 is kept fixed and 
the pressure variation is calculated independently. 
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3.2.3 Non-dimensionalisation analysis 
It was convenient in the numerical analysis to follow to deal with dimensionless 
variables and parameters. Accordingly, the dimensionless variables denoted by prime 
letters were defined: 
(x, y) = (x', y')/b, P=P2P', V =v'V , t=t'El i , C=CoC', 
T = (T' - To)/To ' D:= DoD', A=A'/L., r = r'L., kp=k;k~, 
k;(t/J) = k"k,(t/J) , E =E'/Eo , k2 = k~b, ppcp(t/J) = pp,cp,g(t/J) (3.23) 
Here k~, controlled by the initial porosity <1>0' represents the initial permeability of the 
preform and the precursor velocity V along the y-direction is defined as V = Q f / Apt/Jo ' 
Q f being the constant volumetric flow rate of the fluid. Using the above non-
dimensional variables, equations (3.8)-(3.12), which describes the EM sub-model, after 
dropping the primes, can be rewritten as: 
(3.24a) 
(3.24b) 
(3.24c) 
x = a/b, (3.24d) 
y=l, (3.24e) 
y=-l. (3.24f) 
The initial condition is given by T(x, y,O) = O. Similarly, the governing equations, 
which describe the FeVI sub-model, can be written in the following non-dimensional 
form: 
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bZp, a(~) -V.(Ck VP)=_1 V.(DVC)-DaAr 
kZP2Bz at P Pe I' 
r, = Cexp(-En!RTo(T+l» , 
ap =0, 
ax 
P=I, 
P=Pl/P2, 
ac =0 
ax ' 
ac =0 
ay , 
x=a/b 
y = 1 
C(x,t) = 1, y=-1 
(3.24g) 
(3.24h) 
(3.24i) 
(3.24j) 
(3.24k) 
(3.241) 
(3.24m) 
The following controlling parameters eventually emerged during the analysis: 
B = h,b/k", 
(3.25) 
Pw is a measure of input microwave power, B is the Biot number, /3, is the radiation 
heat loss parameter, Da is the Damkholer, number which defines the ratio of the 
chemical reaction rate relative to the rate of mass transport by convection, and the 
Peclet number Pe is the ratio between the rates of mass transport by diffusion to that by 
convection. 
Equations (3.24a-f) describe the microwave-heating model and are solved 
separately initially for fixed porosity to obtain the electric field and the unsteady state 
temperature distributions. The thermal time scale SI is taken to be B, = p c bZ /k, in Ps Ps s 
the EM-model. Equation (3.24g) is a Poisson equation for pressure and describes total 
fluid conservation and equation (3.24h) states that the gaseous concentration changes 
because of reaction, diffusion and convection processes taking place. The next equation 
describes the temporal evolution of porosity due to the chemical reaction and, finally, 
equation (3.24j) is used to evaluate the mass transfer rate_ These constitute the balance 
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set of equations for this study of the FCVI sub-model and are solved numerically in the 
next section. 
It is noted here that various time scales evolved in the problem. Three of them 
present in equations (3.24c,h,i) are 9, 92 and 93 , It was found that the time scale at 
which the porosity of the medium decreases was much larger compared to the thermal 
diffusion and convective flow time scales, see table 3.1. Thus equations 3.24g-h were 
solved in the steady state form to determine the pressure and MTS concentration 
distributions in the FCVI model. Equation 3.24i was solved to obtain unsteady state 
solutions. 
Table 3.1: Time scales of physical phenomena 
Time scale Represented parameter Order of magnitude 
Thermal diffusion 9, (pp,cp,b2/k,,) 0(10-') 
Convective Flow 92 (b2fl,/P2k~) 0(10-2 ) 
Porosity evolution 93 (ppjCok,) O(W) 
3.3 Numerical experimental 
In this section the numerical techniques employed to solve the system of 
equations describing the EM and FCVI models are presented. The Finite Difference 
Method (FDM) [141,142) was used here to solve equations (3.24c-m) numerically. The 
FDM is based upon approximations, which permit replacing the differential equations 
by finite difference equations. These finite difference approximations are algebraic in 
form; they relate the value of the dependent variable, example temperature, at a point in 
the solution region (preform) to the values at some neighbouring points. Thus a finite 
difference solution basically involves three steps: 
• Dividing the solution region into a grid of nodes. 
• Approximating the differential equations by finite difference equivalents that 
relate the dependent variable at a point in the solution region to its values at the 
neighbouring points. 
• Solving the difference equations subject to the prescribed initial and boundary 
conditions. 
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The system of equations describing the EM-model is first solved. However, before 
applying the FDM to solve equations (3.24c-f), the electric field distribution is first 
determined by solving equations (3.24a-b) for the EM-model. 
3.3.1 EM-model: determining the electric field 
As previously stated, equation (3.24a) does not give an explicit solution for E. 
since E also appears under the integral sign, thus it must be solved numerically to 
obtain the electric field distribution. The rectangular sample, that is the solution region, 
is divided in the x-y plane into equal small rectangles of sides tll and !:J.y as in figure 
3.4. The coordinates (x;" y j) of a typical grid point considered here are represented as: 
i, = 0, 1 •.. : .......• 2M xo=-a/b, 
Y j = Yo + j!:J.y, j=0,1, .......... ,2N Yo =-1. 
The electric field and its properties within a smaller rectangle are assumed to be 
constant. 
Y 
ic ' j 1 
i, -I, j 
j!J.y ic ,j ic + I, 
ic ,i-I 
x 
i!lx 
!:J.y 
Figure 3.4: Shows part of the discretization of the fibrous preform, the solution 
region. 
Equation (3.24a) can thus be expressed as a summation of the form: 
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o ~ j ~ Pt' (3.26) 
where, 
R(!,j) is obtained for the case when m = j and is given by: 
(3.27) 
The integration in the above equation is performed by considering the following 
assumption: 
Xm = X j + et' and Y m = Y j + 13', where et' and 13' are considered as small quantities. 
Using these assumptions, equation (3.27) is converted to: 
(3.28) 
For small argument u" the Hankel function Hci1) is given by (see appendix 3): 
Substituting this approximation in (3.28) and performing the integration, the following 
expression is obtained for R(!, j) : 
(3.29) 
Thus knowing the values for Qj (;!£j) and R(;!£j) for each element ;!£j' equation (3.26) 
is transformed into a set of Pt + 1 linear equations, which are represented in matrix 
form as: 
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Ilk; -Relio) -Qoelil) -Qoeli2)'" 
-Q1elio) Ilk; -Relil) -Q1ex2 )··· 
"'-Qoelip ) 
"'-Qoelip ) 
-QP-1elio)'" ... ... -QP-1elip-2) Ilk; -Relip_I) -QP-1exp) 
-QPelio)'" ...... -QPelip-2) -QP(lip-I) I/k;-Relip) Eeli p) 
= 
... (3.30) 
This system of linear equations is solved onward using LV Decomposition [143]. 
3.3.2 EM-model: determining the temperature distribution 
The Finite Difference Method [141,142] is used here to solve equations 3.24c-f 
to obtain the unsteady state solutions describing the thermal distributions Following the 
steps mentioned earlier, the preform is discretized in the x-y plane as shown in 
figure 3.4 and the time variable t is also discretized accordingly with time step M: 
tn = n/1t , n=0,1,2, ......... . 
Figure 3.5 shows the point (ic' j) with its associated nodes discretized in time. Thus 
using FDM, the parabolic partial differential equation (3.24c) is converted to its 
equivalent finite difference approximation, given as: 
k ("') ,,+I.) ' .. ) ',-I.) + k ("') ',,)+1 ,,,I '"rl + F.". (3.31) 
[
T"+I . - 2Tn+l + T n+' . J [T"+.I - 2T"+1 + T"+.' J 
, 'I' /1x2 , 'I' !J./ ',,) , 
where, 
F.'·"I = Pw
B k"( "'", T,."). )IE," j·l, ic = 0,1,2, ............ , M, 
,. e(tPo,To) 'I' .. " 
j = 0,1,2, ............ , N . 
However, this equation results in a pentadiagonal system of equations at each time-step 
/1t, which is very cumbersome and time consuming to solve. Alternatively, the 
equation is split into two equations with the use of Alternating Direct Implicit (AD!) 
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scheme [141,143]. The idea is to divide each time-step into two steps of size !1t/2. In 
each sub-step, a different space dimension is treated implicitly: 
!1t/2 
(3.32a) 
!1t/2 
(3.32b) 
Equation (3.32a) is implicit in the x-direction and explicit in the y-direction. The data 
for the (n + 1/2)'h time step provided by this equation upon using the values of the 
temperature at the n'h time-step is then fed to equation (3.32b), which is implicit in the 
y-direction and explicit in the x-direction, to get the values of the temperature at the 
(n + l)'h time step. The advantage of this implicit method is that each sub-step requires 
only the solution of a simple tridiagonal system. 
1 .. :::.....--~~---,j ..... ic ' j + 1 
I 
i-I J.-
c ' ic ' j-l 
I I 
ic -j 1, j t-1 ic ,j + 1 
nth level 
i -1 J.-
c ' 
i -1 J.-
c ' 
Figure 3.5: Shows the grid points in two space dimension at three different time 
levels 
The above equations can be re-written in the following form: 
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where A, = t'o.tk,(t/J) and y = t'o.tk,(t/J) . 
, 2g(t/J)t'o.x2 '2g(t/J)t'o.y 2 
The equivalent finite difference approximations for the initial and boundary conditions 
are expressed as: 
T,0). = 0, 
.' 
(3.33c) 
(3.33d) 
T~.j = T,~j' (3.33e) 
T" = T n _ 2t'o.yB Ln fJ [(T n 1)4 _Ill 
' •. -' '.,' k,(t/J) 1.1,.,0+ ,~ ,.,0+ 1f' (3.330 
T" = Tn - 2t'o.yB Ln + fJ r.(Tn + 1)4 -ID. 
,.,N+' '.,N-' k,(t/J) 1.1/ •• L ,~,,,L (3.33g) 
It is recalled here that the thermal problem is solved only for positive x values due to 
the symmetry property involved. By evaluating equation (3.33a) for 
i, = 0,I,2, ............ ,M ,the following two matrix equations are obtained to determine the 
(n + l/2),h time step temperature at the lower and upper boundary nodes, that is, 
for j =0, N: 
1+2,,1, -2,,1, T,n+V2 To:o n~,o 0,0 I-2y, - 2y, 
-A, I+2A, -A, TO:I 
2t'o.yByt/k, (t/J) 
-A, 1+2,,1, -A, = + 
-2,,1, 1 +2,,1, + J-2y, - 2y, 
2t'o.xBA, T;:',o 2t'o.yBy,/k, (t/J) 
k,(t/J) Tn+V2 n::, ,0 M,O T~I 
... (3.34a) 
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1+2A, -2A, T:+V2 To~o Q~N O,N 
2y, 1-2y, -
-A, 1+2A, -J, To~, 
2!!.yByJk, (ifJ) 
-A, 1+2A, -A, = + 
-2J, 1 + 2A, + 
2y, 1-2y, -
2lhBA, T/:t,O 2!!.yBy,/k, (ifJ) 
k,(ifJ) T"+V2 Q:;',N M,N r;,1 
... (3.34b) 
h n" =~F" - 2!!.yB(J,y, ~(T" 1)4 -I] ~ were .<, ' , ' , ,+ ,or 
'<,) 2g(ifJ) H k, (ifJ) '<,} i, = 0, 1, ............. , M -I and 
2(J,1h + y,!!.y)B(J, r.(T" , + 1)4 -I] 
k,(ifJ) ~ M,} 
The temperature at the interior nodes within the preform for the (n + I)'h time step are 
obtained by solving the following matrix equations: 
1+2A, -2J, T:+1/2 TO~j_t Q~ O.j ,) 
-J, 1+2A, -A, y, 1-2y, y, To"' ,} 
TO: j+1 
-A, 1+2A, -A, = + 
-2,1 1+2A, + r;,i-t 
2lhBA, y, 1-2y, y, T;:' ,I 
k, (ifJ) T"+1/2 r;,j+l Q:;',I M,I 
... (3.34c) 
h n" !!.t F" were, ':'o!.j}' =-- I I' 
<, 2g(ifJ) <' i, = O,I, ............. ,M -I, j = 1,2, ........... ,N-I 
and g" ,= ~ F" ' - 2J,!!.xB(J, r.(T" ' + 1)4 -1]. 
M,) 2g(f/J) M,} k,(f/J) ~ M,} 
Similar matrix equations are obtained while evaluating equation (3.33b) using the 
corresponding boundary conditions. It is noted here that the nonlinear term present in 
the radiation boundary conditions are evaluated using temperature values at previous 
time steps. This is basically done to avoid solving nonlinear system of equations that 
would be generated instead. The matrix equations, representing systems of linear 
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equations, are then solved together numerically using LU decomposition [143] to 
obtain the temperature distribution at each time-step, l!.t. However, since the dielectric 
properties of the sample are considered temperature dependent (see equations 3.9a-c), 
their values are updated at every time step. Further, the heat source terms present in the 
system of linear equations (3.34), which contains the dielectric properties, are updated 
at each time step as well. Thus this causes the matrix equations (3.30) and (3.34) to be 
solved together at each time step, 8t. Figure 3.6 shows the flow chart describing the 
steps involved in solving the complete EM-model numerically. 
l Set initial values L J 
\ 
Electromagnetic field 
computation 
Time update 
t = t + 8t 
Temperature diffusion ~ Heat source computation calculation 
\ I 
New temperature layer 
and physical parameters 
(dielectric properties, etc) 
l Condition check J 
l Stop J 
Figure 3.6: Flow chart describing the steps involved in numerically solving the EM-
Model. 
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3.3.3 FCVI-model: 
In this sub-section, the system of equations, (3.24g-m), describing the Forced-
Flow Chemical Vapour Infiltration model is numerically solved using the Finite 
Difference Method. Comparing the data in Table 3.1, it is noted here that the 
convective flow time scale, 62 , is much smaller than the porosity evolution time scale, 
63 , Thus, the time scale 6 is taken to be B = B3 = pp,/Cok, . This causes the 
coefficient of the time derivative term in equation 3.24h to be very small. Hence, the 
time dependent term is neglected and the equation is solved to obtain steady state 
solutions describing the concentration distribution during the process. Equations (3.24g 
and 3.24h) are re-written in the following form for convenience: 
(3.35a) 
(3.35b) 
Considering figures 3.4 and 3.5, which relates the discretization of the preform in space 
and time, equations (3.24i-m) and (3.35a-b) are transformed into their equivalent finite 
difference approximations: 
(kp'+I.-kpIII](P II-P 11) (P ,.-2P .+P1I .) '..., .. - • 1 .. + • ' .. - . + k .. 1,,+ ,} Ir .} .. - ., + 26.x 26.x p',.} 6.x2 
(3.36a) 
(kp1 ·I-kp. 'I](P 'I-PII) (P ,,-2P ,+P, '1) CoDnli. '~I'J ",J+ ' ... J- ' ... )+ I ... - + k .. ' ... )+ fr ,} <".1- = 1,..&.4 !l..jc,] ' ... 2~y 2~y p',,} ~l P f 
(3.36b) 
n+l n r,.-r,. 
' ... 1 '''''=_r ~t li,.1 (3.36c) 
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(3.36d) 
(3.36e) 
p_I .} = F:.}, C_I .} = Cl.}' at x = a/b (3.360 
PM+I.) = PM_I.}, CM +I.} = CM_I.}, at x = 0 (3.36g) 
CNI=C,NI' I", + c' - at y = 1 (3.36h) 
C, 0 = 1, at y =-1 
<' 
(3.36i) 
for ic =O,I,2, ............ ,M, j=O,I,2, ............ ,N and n=I,2,3, ......... . 
Equation (3.36a) and (3.36b), which determine the pressure and concentration 
distributions respectively, are actually elliptic equations and they are solved using 
similar techniques. To avoid repetitiveness, only the matrix equations obtained while 
solving equation (3.36b) together with the boundary conditions, (3.36f-i) are shown 
here. 
Equation (3.36b) can be written in a simplified form as: 
(3.37) 
where, 
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2D(Ta,g) 
/'J.x2 
A linear system of coupled equations is obtained by substituting the values of i for 
each value of j in (3.37). This is represented in terms of the foIl owing matrix 
equations: 
M'C' +T 2C2 =b' .. , for j = 1 
for j = 2,3, ...... N-l 
for j = N 
where the matrices M I, T/ , and T.: and the vectors Cl and bl are given as: 
e~.1 e:.1 + e:,.1 
e~.1 ei.1 e~.j 
e~_2.1 e~_,.1 
e~+,.1 + e~_,.1 
DaPeAo.,r, D.' - e~.oco.o 
eM' . 
.} 
eSM • .} 
e03 • . } 
Co' 01 
CM' 
.} 
j=I,2,3, ....... ,N 
(3.38a) 
(3.38b) 
(3.38c) 
b'= j=2,3, ....... ,N 
eo' . 
. } DaPeAo.lr, 0.1 
j=I,2, ....... ,N-l bl = j =2,3, ...... N 
e~ 
,} 
These matrix equations can hence be embedded into a single matrix equation: 
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MC=b (3.39) 
where, 
M' T*: Cl b' 
T' M2 3 
• 
T .. 
M= C= and b= 
T N-2 
• 
M N-I TN 
.. 
T N-I 
• 
MN eN b N 
The same techniques were applied to equation (3.36a) to obtain similar matrix 
equations. These equations were finally solved using the same numerical techniques 
applied to solve the system of equations determining the electric and temperature 
distributions. To avoid extra numerical computation, the diffusion coefficient D was 
taken to be dependent only on the average temperature of the sample during the 
process. However, at this stage the FCVI-Model is solved to obtain variation of the 
porosity distributions under isothermal conditions during the process. At each time step 
!:J.t, the properties of the unit cells, that is the surface area available for reaction to 
occur, the radius of the fibre bundle, the porosity and the permeability values are 
calculated. These data are then used to computationally update pressure and 
concentration distributions. Figure 3.7 shows the flow chart describing the steps 
involved to determine the pressure, MTS concentration and porosity distributions at 
each time step numerically. Further, it is recalled here that two pressure conditions are 
set at the boundary y = -1 , that is, at the lower boundary of the sample. A fixed inlet 
pressure of the gaseous precursor is first applied to study the porosity evolution during 
the Chemical Vapour Infiltration process. Secondly a fixed flow rate is maintained at 
the lower boundary to study the effect on the preform infiltration. During the 
experimental investigation undertaken by Jaglin [39], both the hydrogen flow rate and 
the inlet pressure of the gaseous mixture were maintained constant. Theoretically, the 
inlet pressure would increase under constant volume flow rate during the infiltration 
process. Also the volume flow rate would decrease when a constant inlet pressure was 
maintained. Thus it was reasonable, to study the effects on the infiltration profiles 
under both conditions. 
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1 Set initial values j \ 
• "-Unit cell properties Pressure field 
Time update 
r-
(fibre bundle radius, ,. computation 
t = t + 6.t surface area), 
diffusion coefficient 
and Reaction rate 
calculation 
/ 
f- Concentration 
field computation 
New porosity layer and 
permeability values 
updates 
f Condition check 
I Stop 1 
Figure 3.7: Flow chart describing the steps involved in numerically solving the FCVI-
Model. 
3.3.4 ME·FCVI model 
The ME-FCVI model as mentioned earlier is obtained by combining the EM-
model and the FCVI-modeJ. The evolution of the temperature distribution during the 
microwave heating is in fact affected by the forced flow of the gaseous precursor 
during ME-FCVI, which provides convective losses inside the porous preform. 
Equation (3.24), which describes thermal diffusion within the preform, does not 
incorporate the convection term, which is due to the forced-flow of the precursor. This 
cooling effect inside the perform is in fact controlled by the internal surface area (pores 
surfaces) available for the gaseous precursor to flow. Thus the EM-model would 
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become complicated to solve by introducing the convective term in the heat diffusion 
equation. Hence at this stage the consequences of the convective term on the thermal 
distribution is ignored. However, convective losses at the boundaries of the preform, 
controlled by the heat transfer coefficient h" are included in the thermal boundary 
conditions, see equation (3.24). But realistically, the cooling effect Further, the 
decreasing porosity of the preform during ME-FCVI also affects the temperature field, 
but in the formulation above, the microstructure of the preform is not considered during 
the electromagnetic heating to avoid the complication that exist. Taking into account of 
the above facts, the microwave heating stage and the infiltration stage were thus 
allowed to be decoupled during the ME-FCVI process. The effects of applying an 
inverse thermal gradient on the processing variables and deposition profiles are hence 
analysed. Figure 3.8 shows the flow chart describing the steps involved in the ME-
FCVI mode\. A dynamic one-dimensional model, where the effect of the evolution of 
porosity on the thermal field is considered, is developed and described in Chapter 4. 
[ Set initial values 1 
~ ~ 
Input to EM- Input to FCVI-
Model Model 
Electric and Pressure, 
temperature Concentration 
fields and porosity 
computation fields 
Figure 3.8: Flow chart showing the steps involved in evaluating the ME-FCVI model 
numerically using the EM and FCVI sub models. 
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3.4 Numerical results and discussions 
Microwave enhanced forced-flow chemical vapour infiltration is dependent on 
various process conditions such as: 
• Temperature and temperature gradient of the preform 
• Pressure gradient of the system 
• Total gas flow rate 
• Gaseous precursor concentration 
• Dimensions of the preform 
• Porosity of the preform 
. For a complete understanding of the MEFCVI process, it is necessary to study the 
effects on the infiltration process when one or more of these parameters are varied. This 
section is divided into three main sub-sections. In the first one, the effects of adjusting 
the thermal and electrical parameters on the temperature and temperature gradient of 
the preform during the heating stage of the sample are studied through the EM-model. 
This model was also used to investigate the effect of decreasing porosity and sample 
size on the thermal distribution and consequences of thermal runaway. The simulation 
results obtained under these investigations are presented and discussed. The system of 
equations (3.30) and (3.34), was coupled and solved together to obtain these results. In 
the second sub-section, the effects of the pressure gradient, the gas flow rate and 
precursor concentration on the infiltration profiles under isothermal conditions were 
studied using the forced-flow CVI model. Equations (3.39) and (3.36) were coupled 
together to perform this analysis and the numerical results obtained are presented and 
discussed. In the final sub-section, the effects of combining the inverse thermal gradient 
obtained from the EM-model and the forced-flow conditions, on the processing 
variables, the infiltration profiles and processing times are studied through the 
MEFCVI model. The corresponding results obtained are presented and discussed 
therein. 
The general operating parameter values and constants used in all the simulations 
are given in table 3.2, unless otherwise stated. It is recalled here that all the three 
models are constructed for one half of the sample only, as shown in the diagram below; 
this assumes a vertical axis of symmetry. 
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y 
,.-.-.-.-._._.-._._._._._._._._+-----------. 
._._._._._._._._._._.-.-._._._ •. '-----------' 
• 
• 
• 
• 
: Axis of symmetry 
Figure 3.9: Schematic of the SiC preform. The dark section only is 
being investigated numerically due to symmetry. 
Table 3.2: Dimensional parameter values used, unless otherwise stated. 
Ambient temperature, To 
Operating frequency, f = ro/21t 
SiC relative dielectric permittivity, k;«(Ilo, To) 
SiC thermal conductivity, kt, 
SiC density, Pp, 
SiC specific heat, C p, 
SiC emissivity, e 
Stefan·Boltzmann constant, Sb 
SiC molecular mass, M, 
MTS molecular mass, M MTS 
H, molecular mass, M H , 
Heattransfer coefficient, h, [76] 
Viscosity of mixture, I.l 
Density of Hydrogen, P f 
Diffusion coefficient at STP, Do 
Length of unit cell, L 
Reaction constant, k, 
Activation energy, Ea 
Universal gas constant, R 
Lennard·Jones parameter, 1i 
[81] 
[76] 
298.15 K 
2.450Hz 
10.0 Fm·' 
35.7 W/m K 
3110 kg/m3 
llOOJlkg K 
0.85 
5.67 X 10·' J K' m" s·' 
0.04010 kg 
0.1495 kg 
0.0020 kg 
155 W/m'K 
0.0l3 g/cm3 
0.0899 Kg/m3 
1.0 
500 Ilm 
3.0 mls 
120 Id/mole 
8.314 X 103 J/K 
0.4414 nm 
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3.4.1 Microwave heating (EM.model) 
Equations (3.30) and (3.34) are solved simultaneously using the LV 
decomposition method [143] to obtain the electric field and steady state temperature 
distribution within the SiC preform during microwave heating. In practical microwave 
heating systems [39], the ceramic preform is placed in a resonant microwave cavity. 
The equations determining the electric and temperature distributions must then be 
solved throughout the cavity, and in that case other numerical schemes like the Finite 
Difference Time Domain (FDTD) must be employed instead to numerically obtain the 
solutions. Many numerical investigations have been undertaken to describe this 
interaction, including FDTD [144,145,146], the method of lines, a variation on FDTD 
which leads to the solution of Maxwell's equations via a system of ordinary differential 
equations [147,148] and the Finite Element Method [149,150], all of which require 
discretization of the entire applicator volume and its load. All of these methods are 
essential for the computation of fields involving arbitrary shaped cavities and loads, 
however, in cases where the electromagnetic properties of the load vary, these methods 
often suffer with respect to the large computational time and computer memory 
required to implement them. Further, more, the results then become cavity specific and 
the purpose in this present study is to provide some generalizations concerning the 
ability of microwaves to generate temperature distributions in preforms that are useful 
in processing CMCs by CVI. 
Two issues are important here for a successful simulation of the microwave 
heating process: 
(1) A meaningful model for the microwave absorption by the preform during CVI, 
(2) Knowledge of the physical database of the material (SiC), which is involved. 
3.4.1.1 SiC dielectric properties models 
The results obtained for permittivity measurements, see figure 3.10, of SiC 
[151] showed that the dielectric properties, k; and k;, depend critically on 
temperature. These data are used to obtain the following empirical models describing 
the behaviour of these properties with respect to the temperature T: 
k; = 0.00001T2 -0.0284T +49.1471, (3.41a) 
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k; = O.OOOIT' - 0.0246T + 3.4208. (3.4lb) 
Figure 3.10 shows the graphs obtained when equations (3.4la,b) are plotted together 
with the experimental data [151]. These two models are used in the EM-model to 
update the dielectric properties at each time step. The EM-model is constructed in such 
a way so that other models describing the behaviour of the dielectric properties with 
temperature can be included. 
1~ r------'------'-------r------'------'-------r-----~ 
100 
80 
Experimenta l 
valUr k; """ .0 " '" 
........ t ........... 
40 
20 
k' 
s 
Experimenta l 
values k; 
.~ 
~--~~47.00~----&O~----~800=-----~,OO~0 ----~,~=-----~,~0~--~,0c0 
Temperature I K 
Figure 3.10: The blue graphs represent permittivity data obtained as a function of 
temperature at 2.45 GHz [147], the red curves represent empirical model describing 
these data. 
3.4.1.2 Unsteady-state analysis 
In the simulations, the electric field within the preform, at each time step D.l 
was determined by solving the complex linear system of equations in (3 .30) and then 
after computing the local heat of generation, the temperature distribution was calculated 
from (3 .34). In this computation, the amplitude of the electric field Eo incident on the 
sample was calculated from the instantaneous time average incident power P,n< through 
the relation: 
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lE I' = 27]0?'" o A' 
, 
(3.42) 
where A, is the surface area of the sample and 7]0 is the impedance of free space. The 
physical data of SiC needed as incident for the simulations are listed in tab le 3.2. The 
expressions (3.41) were used to update the dielectric properties at each time step during 
the simulations. The condition r::.;' - r::.j S 0.05 (di mensionless value), at a nodal 
point (i, ,)) , was considered as the stopping criteria for most of the simulations. At thi s 
point, steady state temperature solutions were basically achieved during the microwave 
heating process. It is recalled here that the so lutions were computed for only half of the 
sample as mention as shown in fi gure 3.9. 
Figure 3. 11 shows the computed isotherms for a SiC preform, with 50% 
porosity and assumed infinitely long in the z-direction with a cross section of 50 mm x 
10 mm, subjected to microwaves of power 1.2 kW from all four sides. The extemal 
cooling by convection is characterised by a heat transfer coefficient equal to 
155 Wm·2K 1. The contour plot shows that the interior of the sample is hotter than the 
surface; the centre of the ceramic (0,0) is at 1100 K and the surface (25,0) is at 1000 K. 
E 
E 
,. 
T(O,O) 
5 1 0 1 5 
X / mm 
5,0) 
060 
20 25 
Figure 3. 11: Steady-state temperature distributions in a 50% dense SiC subj ected to 
microwaves with ?,,, = 1.2 kW . The colour scale on the ri ght defines the temperature 
in Kelvin. 
Furthermore, comparing the temperatures along the x and y axes it is observed that 
higher thermal difference exists along the x-direction. This is shown in figure 3.12, 
which represents the evolution of the temperatures differences, T(O,O) - T(25,O) and 
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T(O,O) - T(0,5) with time. It is also observed in the figure that the magnitudes of the 
electric fields at the centre £(0,0) and the surface £(25,0) decrease nonlinearly with 
increase in temperature. This is due to the non linear increase in the dielectric 
properties, which causes a decrease in the penetration dept of the electromagnetic field . 
It is further observed that 1£(0,0)1' ~ 1£(25,0)1' , which says that almost unifonn electric 
fie ld was obtained inside the sample. However, during the heating process, the 
wavelength of the EM fie ld is reduced" since the dielectric properties are increased 
(see equation 2.17 and 2.18). This could have resulted in multiple hot spots across the 
sample, but the latter are not observed in figure 3.11 . This therefore implies that the 
dominant effect here is the heat loss across the boundaries that prevents unifornl 
themlal fields and hot spots fOmlation within the sample. 
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Figure 3.12: Represents the change in the magnitude of the electric fi eld at the centre 
E(O,O) and the surface E(25,0) with time. Evolution of themlal differences between the 
temperature at the centre of the prefoml T(O,O) and the surfaces, T(25 ,0) and T(O,S) are 
described as well. 
3.4.1.2.1 Effect of incident power and external cooling on the thermal 
distribution 
Figure 3. 13 shows the steady state themlal distributions obtained for different 
incident microwave power. As expected, it is observed that an increase in power input 
.. This effecl of change in wavelength is importantand should be investigated in the future 
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elevates the temperature level within the preform. The porosity of the sample and the 
heat transfer coefficient were kept fixed at 50% and 155 Wm·2K· I respectively. A 
further increase in the power level would eventually increase the steady state 
temperature further, however, referring to the S-shaped curve in chapter 2, figure 2. 11 , 
a cri tical power input ex its beyond which the steady state temperature would li e on the 
upper branch of the S-shaped curve, which describes the themlal runaway effect. 
Moreover, it is deduced after examining figure 3.1 4 that an increase 111 the 
power input resulted in an increase in the temperature differences across the prefo ffi1. 
The figure shows the temperature differences between the centre (0,0) and the surfaces 
(25,0) and (0,5) for different incident power. The theffi1al difference increased more 
along the sample (across the x-axis) than across its thickness (y-axis). Further, it is also 
seen that steady state theffi1al so lutions is achieved faster with higher power level. This 
states that a balance between the amount of heat generated inside the sample and the 
convective and rad iative losses at the boundari es is achieved faster for higher p;,,, . It is 
noted here that the size of the sample was maintained fixed during this analysis. The 
effect on the temperature profi le when the dimensions of the sample are changed is 
investigated in section 3.4.1.2.3. 
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Figure 3.13: Steady state temperature distributions within the prefoffi1 at different 
microwave power levels, p;" / kW. The colour bar reflects the temperatures in 
Kelvin. 
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Figure 3.1 4: Thennal difference evolution wi th time, with respect to the temperature at 
the centre T(O,O) for di fferent incident microwave power level, P,", / kW. 
As previously stated the external cooling (loss by convection) is characterised by the 
heat transfer coefficient he' Figure 3. 15 shows the final steady state temperature 
distributions obtained for different heat transfer coefficients; h, = 135, 155 and 
180 Wm-2K-1 It is observed that the temperature levels across the sample decrease with 
an increase in h, as expected. The porosity level and the incident power were kept at 
50% and 1.6 kW respecti vely. However, as compared to the change in an increase in 
incident power level, this variation in the heat transfer coefficient has almost no effect 
on the temperature gradient as shown in figure 3.16. The figure represent the evolution 
of the temperature differences wi th time, between the temperatures at the centre (0,0) 
and the surfaces (25,0) and (0,5). 0 change in the thennal differences across the 
thickness of the sample, T(O ,O)-T(0,5 ), is observed. But a slight increase in the thennal 
gradient along the prefonn is observed with increase in he' However, it is noted here 
that the effects on the temperature distributions was studied by considering a 66 % 
increase in the power levels and only a 29% increase in h, values. 
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Figure 3. 15 : Steady state temperature distributions within the preform for different heat 
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A practical application of the effect of microwave incident power, 1',,,, and the 
heat transfer coefficient, h, is that 1',,. can be changed accordingly to obtain the 
required temperature gradient and then independently vary h, to manipu late the 
temperature level wi thout affecting the gradient. The heat transfer coefficient, for 
example, can be increased by flowing gaseous precursors past the sample, as is the case 
during chemical vapour infiltration, or decreased by insulating it. A large P,n, is needed 
to generate a large temperature gradient. Normall y thi s would result in excessive 
heating, possibly leading to thermal runaway, unless a large amount of convecti ve 
losses is also employed, as is the case in figures 3.14 and 3.16. However, for relatively 
uniforn1 temperatures (small thermal gradient), insu lation is necessary, as illustrated in 
figure 3.17, where 1',,,, and h, are only 0.8 kW and 25 Wrn-2K-1 respectively; the 
difference in temperature between the hottest and co ldest part in the ceramic is only 
32 K. Moreover, less incident power is required to heat the preform when insulation is 
used. Thus proper control of the microwave input power, flow of gaseous precursors 
and the type of insulation used during ME-FCV! can lead to the desired thermal 
gradient across the preform during infiltration, as demonstrated experimentally by 
Jaglin [39] 
5 
10 4 0 
1030 
E 
~ 0 
>-
- 5 
X / mm 
Figure 3.1 7: Steady state temperature distribution obtained during the microwave 
heating of a 50% dense insulated SiC sample. The incident power, 1',,. = 0.8 kW and 
the heat transfer coefficient, h, = 25 W /m' K. (84% less than the values considered 
before) 
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3.4.1.2.2 Effect of decreasing porosity on the temperature levels 
During the densification stage in ME-FeYI, the average internal porosity of the 
preform decreased wi th time. The analysis above was perfonned under a constant 50% 
porosity leve l. In thi s section , the effect of changing porosity on the thermal 
distributions is in vestigated. Table a-2 in appendix 2 shows the changes in the radius of 
the fibre bundles to obtain the desired porosity level. Figure 3. 18 showed the evolution 
of the temperature differences between the temperatures at the centre T(O,D) and the 
surfaces T(25,0) and T(0,5), for di ffe rent porosity level (I/J = por os ity), during 
microwave heating of the preform wi th p,,,,. = 1.6 kW and h, = 155 Wm·2 K ·' . It is 
observed that the temperature differences across both the radius and th ickness of the 
sample increase with increasing porosity. Thi s means that the temperature leve ls ri se 
with increase in porosity if a constant input power is employed. This is expected since 
less material is actually heated as the porosity increases . Moreover, for the case when 
I/J = 0.7, it is seen that the temperature differences rose signifi cantly during the earl y 
stage of the heating process, which clearly demonstrates the effect of thermal runaway. 
Figure 3. 19 shows the temperature di stribution obtained during the early heating stage 
of the 70% porosity sample. Referring to the temperature scale in the figure, it is 
observed that the temperature difference ac ross the sample is more than 350 K, with the 
temperature at the centre being above 1350 K. This suggested the fOlmation of a hot 
spot at the centre, which underwent thermal runway during the heating stage. On the 
other hand, the case for low porosity level, I/J = 0.1 , more time is needed to achieve 
steady-state so lution. Also, the small increase in the temperature gradient as seen in 
fi gure 3.18, suggest that more input power is needed to achieve higher temperature 
levels. 
Thus thi s model predicts that less incident power is needed to heat a preform of 
50 mm by 10 mm initially before ME-FeYI, however, as deposi tion occurs, more 
incident power is needed to maintain the required temperature for reacti on to occur. It 
is noted here that during ME-FeYI, the sample is densified in a non-linear fas hion, thus 
the porosity di stribution decreases non-uniforml y during the process. The results 
obtained here assumed uniform decrease in the porosity level and the microstructure of 
the sample was ignored during the formulation of the microwave-heating model. 
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Figure 3. 18: Evolution of the temperature differences with ti me between the 
temperatures at the centre T(O,O) and the surfaces T(25,0) and T(0,5) for different 
internal porosity of the preform. The incident power and the heat transfer coefficient 
were kept fixed at 1.6 kW and 155 Wm-2K-1 respectively. The continuous and 
discontinuous curves represent the temperature gradient T(O,O)-T(25 ,0) and 1"(0,0)-
T(0 ,5) respectively. 
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Figure 3.19: Temperature distribution obtained, prior to undergoing thermal runway, 
during the microwave heating of a 70% dense SiC preform. f';nc and he were kept fixed 
at 1.6 kW and 155 Wm·2K" lrespectively. 
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3.4.1.2.3 Effect of sample dimension on the thermal distribution during 
microwave heating 
Along with the incident power, heat transFer coeffi cient and the porosi ty leve l, 
the size of the ceramic preForm also has a signiFicant influence on the temperatures and 
thermal differences achieved in the sample during microwave heating. Table 3.3 
summatizes the numeri cal simulations carri ed ou t under different operating conditions 
for different preform sizes. EFfects of the change in the radius of the ceramic were first 
studied. When the cross section of the preform was changed from 50 x 10 mm (figure 
3. 11 ) to 100 x 10 mm, higher temperature di fferences were obtained, even though the 
incident power applied was the same. Figure 3.20 shows the evolution with time of the 
subsequent thermal di stributions obtained. It is observed From the di stributions that 
during the early stage of the heating process the sample is heated volumetri ca ll y from 
the inside out, with the hi ghest temperature bei ng at its centre . However, as the 
temperature increases with time, the hottest zone within the sample moved away from 
the centre, towards its edge. The reason behind thi s phenomenon can be explained as 
follows: the dielectric properties increase with increase in temperature, but the 
penetration depth of the electromagnetic field decreases with increase in the dielectri c 
properties and thi s causes the hot-spot to move away from the centre. Similar 
observations were made when the diameter of the sample was increased to 200 mm, see 
figure 3.21. However, in thi s case during the early stages of the process the sample was 
heated mostl y away from the centre, which al lowed heat to flow inward. The hot zone 
eventually moved toward the edges with increase in temperature. This phenomenon is 
in contrast to the results obtained when an 50 x 10 mm was heated, where the direction 
of heat flow was always towards the surfaces. These heat flow patterns and the 
valiations in thermal di stributions with a change in the dimensions of the preforms are 
actually a consequence of inhomogeneous microwave heating power deposition. In 
most cases of practical importance, the temperature di stributions appearing in figure 
3.20 and 3.21 would be considered unfavourable. However, dUling microwave 
enhanced CVl where densification occurs from the inside out, these thermal 
di stri butions could be advantageous for the infiltration process. 
[n literature [11 5], is has been shown that during microwave heating of large 
samples, peaks just in From the edges and dip in the middle of the preforms were seen 
from the incident microwave power di stributions. These peaks were reasonab ly Fl at to 
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produce uni form heating across the sample. However, thi s depends on the convecti ve 
losses across the boundaries. These uniform temperature di stributions could as we ll be 
advan tageous during microwave enh anced CVL But considering the case of isothermal 
convent ional CVI described in Chapter 2, some limitations observed in that case could 
possibly be produced here. 
Preform size / 11111'! incicienl power EXlernal cooling, Porosiry level 
radius x Ihickness range, P,,,, / kW 11, / WII/ ·2 K' tP % / 100 
1 
50 x 10 1.2, 1.6, 2.0 
11 
135, 155, 180 0.1,0.3, 0.5,0.7 
1 
1 
100 x 10 1.2, 1.6, 2.0 
" 
135, 155, J 80 0.1,0.3,0.5, 0.7 
1 
1 
200 x 10 1.2, 1.6, 2.0 
" 
135, 155, 18O 0.1,0 .3, 0.5 ,0.7 
1 
1 
200 x 20 1.2, 1.6, 2.0 
11 
135, 155, 180 0.1,0 .3, 0 .5,0.7 
1 
Table 3.3: Numeri cal experiments carried out for microwave heating of valious sample 
sizes under di fferent operating conditions. 
Figure 3.22 shows the evolution of the thermal gradient between the 
temperatures at the centre T(O,O) and the surface T(25 ,0) for different sample sizes and 
incident microwave power, p,,,, . From all the curves in the figure , it is seen that the 
temperature differences increase sharply during the heating process and then decreases 
smoothly unti l a steady-state so lution is reached. These are due to the movement of the 
hot zones away from the centre, which relaxes the temperature gradient across the 
preforms. Further, it is observed that the temperature difference increases significantly 
with increase in the radius of the preform while its thi ckness remains fixed. This 
thermal gradient is further increased with increase in power incident. Also the steady-
state temperature di stribution is ach ieved fas ter with higher p,,,, . 
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Figure 3.20: Evolution of the thennal distribution with time t obtained when a 50% 
dense SiC prefonn, wi th dimension 100 x 10 mm, is heated by microwaves with 
P;.c = 1.2 kW and he = 155 Wm-'K·' . 
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Figure 3.21: Evolution of the thermal distribution with time t obtained when a 50% 
dense SiC preform, with dimension 200 x 10 mm, is heated by microwaves with 
P;n< = 1.2 kW and he = 155 Wm-'K-' . 
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However, comparing the cases where the thickness of the sample is changed 
from 10 mm to 20 mm while keeping its radi us fi xed at 100 mm, a considerable drop in 
the thermal gradient is observed using the same incident power. Also from figure 3.23, 
which represents the evolution of the thermal distributions with time during the heating 
of the 200 x 20 mm sample, it is seen that the temperature level is low compared to 
figure 3.22. These changes can be explained by the fact that larger amount of material 
is heated when the 200 x 20 mm sample is considered and this requires higher incident 
microwave power to reach the same temperature level. It is also seen that the sample is 
heated initially at its centre before the hot zone is shi fted towards the surface. Possibly, 
thi s could be due to the fact that with increase in the thickness of the sample, more heat 
is generated inside the sample while less amount of heat is lost at the surfaces. 
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Figure 3.22: Evolution of thermal di fferences between the temperatures at the centre 
T(O,O) and the surface T(25,0) o f the prefo rm, having di fferent dimensions and under 
diffe rent incident microwave power levels, P" e . 
Figure 3.24 shows the evolution of the temperature di fference, T(0,0)-T(25,0), 
obtained when 200 x lO mm samples with different poros ity levels were heated using 
an incident power of 1.6 kW. It is observed that the temperature gradient increased with 
103 
CHAPTER J: MICROWAVE ENHANCED FORCED-FLOW CVI - A 2-P MATHEMATICAL MODEL 
1 0 
3 0 
2 6 
~ 2 2 t = 0.2 0 
~ , . 
· , 0 
X I m m 
1 0 
6 3 0 
t = 0.8 
~ 0 ;: 
5 9 0 
5 • 0 
· , 0 
X I m m 
1 0 
.2 5 
• 0 0 
~ 0 t = 1.4 ;: 
7 7 5 
· , 0 7 5 0 
X I m m 
1 0 
• 6 0 
• 5 0 
.4 0 
~ 0 ;: .3 0 t = 2.0 
• 2 0 
• 1 0 
, 0 0 
- , 0 
X I m m 
1 0 
t = 2.6 
Figure 3.23: Evolutipn of the thermal distribution with time t obtained when a 50% 
dense SiC preform, with dimension 200 x 20 mm, is heated by microwaves with 
p;" = 1.2 kW and h, = 155 Wm-'K-1 • 
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Figure 3.24: E volution of the thermal difference with time between the temperatures at 
the centre T(O,O) and the surface T(25,0) fo r different intemal porosity of the preform. 
The incident power and the heat transfer coeffi cient were kept fi xed at 1.6 kW and 
155 Wm-2K-1 respecti vely. 
Increase In the porosity level. Similar observations were made from fi gure 3. 18, 
however, in thi s case higher thermal differences are noted. The latter increased due to 
the fac t that less materi al was heated as the porosity increased, thus requiling less 
amount of power to reach the required temperature. In the case when the poros ity level 
was 70%, it was seen again that the temperature underwent thermal runaway during the 
earl y stage of the heating process. A good control on the incident power is thus 
necessary during the heating stage of the ME-Fe YI process. It is noted here that the 
cooling effect which occulTed due to the fl ow of gaseous precursor has not been 
considered during thi s analysis; onl y the effec t of the external cooling at the boundary 
has been investigated. An order of magnitude analysis could be performed to determine 
the significance of the cooling effect due to the forced flow . 
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3.4.2 Forced flow chemical vapour infiltration under isothermal 
conditions 
Experi mental and theoretical stud ies of conventional CV! have shown that 
densificati on depends on several parameters [47-52). In summary, it was found that 
densificati on was hampered by diffusion li mitati ons even in the case o f s lower reacti on 
kineti cs. Appl ying thermal diffe rences aligned along the ax is of the preform improved 
overall densification but did not improve the uniformity o f the product, and alone it was 
not sufficient to overcome the diffusion limitati ons. Also , the processing times were 
very long, 2 to 3 months. On the other hand , whi 1st the studies of Forced Flow 
Chemica l Vapour Infiltrati on have lead to more uni form densificati on of porous 
ceramic preforms, due to reduced di ffus ion limitati ons [65-72], densificati on was 
limited by earl y termination of the process due to excessive pressure differences being 
created across the preforms. 
The use of inverse thermal differences combined with pressure differences 
across the preforms have quite sati sfactoril y overcome diffusion limitations and 
provided increased control over product quality. However, it is necessary to have 
proper combinations of these gradients to ensure uniform densification. Thus it is 
important to study the effects of the varying parameters along with di fferent inlet 
pressures and fl ow rates under isothermal conditions on the overall densi fi cation, as 
we ll as product quality in terms of its uni formity. The case where the pressure gradient 
is kept fi xed is considered first. The case where the fl ow rate is maintained constant 
allowing the inlet pressure to vary is investi gated in the next sub-secti on. 
3.4.2.1 Constant pressure gradient analysis 
During thi s first analysis, the inlet and outlet pressures of the gaseous precursor 
were kept fixed at 10 kPa and 1 kPa respecti vel y. The temperature of the preform was 
maintained at 1250 K and the initial concentration o f MTS was taken as 0 .005 molm-3 
The length of each unit cell and radius of the fibre bundles were considered as 
approx imately 500 Ilm and 80 Ilm respecti vely so that a total of 50% porosity was 
initiall y maintained. The diameter and thi ckness of the sample were taken to be 50 mm 
and 10 mm respective ly. The rest of the operating conditions and parameter values for 
the process are those given in tab le 3.2. 
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As the reaction started, SiC began depositing on the fibre bundles surfaces in 
each unit cell , which eventually resulted in a decrease in the poros ity of the unit cells. 
The deposition rate can be exami ned based upon the Arrhenius equation (3.24j), where 
the activation energy E. is assumed to be constant throughout the process. Figure 3.25 
shows the evolution of the concentration profiles of MTS across the samp le during the 
early stages of the process. It was observed that the concentration remained uniform 
along the x-ax is within the sample; however, a slight increase in the concentration 
gradient across the thickness of the preform was also observed. Thus, the reaction rate 
being directly proportional to the concentration of MTS only under isothermal 
condition caused faster deposition to occur at the inlet rather than inside the sample. 
This was observed from figure 3.26, which represents the evolution of the porosity 
profi le across the sample for isothermal forced-flow CVI. 
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Figure 3.25 : Showing the evolution of the concentration distribution profile during the 
early stage of the process. The inlet pressure applied was 10 kPa. Notice that the 
concentration gradient increases wi th time. The initial concentration Co was taken to be 
0.005 molm-3 
The uniformity of the concentration along the x-axis caused the porosity to be uniform 
along the same direction. However, the higher reaction rate at the inlet allowed the 
porosity grad ient along the y-axis to increase with time. This resu lted in the creation of 
inaccessible pores, which were not available for mass transport and reaction at the inlet. 
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Further, because of the matrix deposition, the void size diminished; therefore, since the 
pressure gradient was kept constant during the process, the flow rate of the gaseous 
precursors was reduced because of the reduction in the pem1eability of the preform. 
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Figure 3.26: Showing the evolution of the porosity profile when P I= I O kPa. It is 
observed here that that the porosity decreased much faster at the inlet boundary than 
inside the preform. The reason fo r this is due to the decrease in concentration further 
inside as observed fro m figure 3.25. 
The pressure distributions obtained during the early stage of the process, for 
three different inlet pressures, are shown in figure 3.27. It is observed that a constant 
pressure gradient was obtained instead fo r each inlet condition across the sample. 
However, during the process the fact that the porosity of the medium decreased with 
time, which implied the penneabi lity of the medium decreased, increased the resistance 
to flow of the gaseous precursor. This resulted in a non-uniform increase in the pressure 
gradient across the preform. The condition when the value of the pressure gradient was 
more than half of its initial value during the early stage of the process was chosen as 
our stopping criterion for the s imulation . Figure 3.28 shows the evolution for the 
pressure profile at the end of the process for the case when the inlet pressure was taken 
to be 15 kPa. It was seen that there was a sharp increase in pressure grad ient at the inlet 
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Figure 3.27: Showing the pressure profile for different inlet pressure PI = 5, 10, 15 kPa. 
The outlet pressure was kept fixed during the whole process at I kPa. A constant 
pressure gradient was observed in each case. 
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Figure 3.28: Showing the pressure profile at the end of the process for different total 
porosity of the medium. The inlet pressure was taken to be 15 kPa and Pt represents the 
total final porosity remained within the sample. 
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of the pre form, which rel axed further inside the latter- Thi s was due to the sharp 
resistance to flow at the inlet boundary, which tended to close much faster-
3.4.2.1.1 Effect of inlet concentration aud pressure on the concentration, 
pressure, infiltration profiles and total processing times 
The concentration evolution at the centre of the sample fo r three different inlet 
pressures is shown in Figure 3.29_ The Figure a lso shows the concentrati on pro Fil e 
obtained in the case of diffusion process only. It can be seen that there was a sharp 
decrease in concentration at the beginning of the process. Thi s was due to the sudden 
dep letion of the MTS when the reaction s tarted_ However, the profi les relaxed with 
time and decreased gradua ll y. This sharp decrease" was bigger in the case of the 
difFusion process, where a slight increase was also seen just after the decrease, where as 
in the fo rced fl ow situations, the depletion of the concentration was expected to be 
overcome in a small time scale, thus stab ili z ing the profile quicker- It was al so observed 
that the concentration was much greater when higher inlet pressure is appli ed compared 
to the diffusion process only. 
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Figure 3.29: Represents the evolution of the concentration profile with time in the 
midd le of the sample for different inlet pressures and the diffusion-only process onl y. A 
sharp decrease in concentration may be observed at the beginning of the process . 
•• It is nOled here that thi s obse rvation is thought to be a real erfect and could poss ibly be related to lhe inve rse 
response phenomena occurring in catalytic reactions .• dthough the poss ibi li ty that it is a numerical artefact has 
nO! been rules out. 
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[n Fi gure 3.30, the pressure profiles in the midd le of the sample at different inlet 
pressure are shown. It is seen that for hi gher-pressure inlet, the pressure gradient was 
greater and also for the case when PI = 15 kPa , the pressure decreased even faster 
inside the sample compared to the case when P 1 = ID kPa. Thus it can be stated that 
even though the resistances to flow increased with increase inlet pressure, at the same 
time the pressure grad ient across the sample decreased sharpl y. 
15.-----------------------,----------------------, 
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- Pl=10 
- Pl=15 
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~ 0 5 
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Figure 3.30: Showing the final pressure profile for different inlet pressures, Pl , across 
the sample. A thin layer was observed in all cases. 
The fina l porosity profiles for different P I values are shown in Figure 3.3 1. It 
can be observed that in the case of the diffusion-on ly process, where the inlet porosity 
was zero after the process, the porosity gradient was much greater. This means that the 
trapped porosity inside the sample after the pore c losure at the inlet was very 
sign ificant , thus resulting in a less densified sample. On the other hand, by applying 
forced fl ow conditions, this porosity gradient was significantl y reduced, as seen from 
Figure 3.3 1. It may be observed that for larger inlet pressure thi s porosity gradient 
decreased further, resulting in a more uniforml y densified sample . However, thi s 
decrease slowed down with furthe r increase in PI . The final porosity at the inlet of the 
preform reached a value approximately 0 .05 fo r each different in let pressure, P 1. Thi s 
means that the remaining porosity inside the sample is still accessible even though the 
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reaction is stopped due to the increase in fl ow resistance. At thi s stage the inlet pressure 
could be reduced to allow the diffusion process to become signifi cant, which could 
further densified the preform until the inlet porosity is c losed. However, thi s might be a 
time consuming process since the time taken to infiltrate the preform via di ffusion 
process on ly is much longer compared to forced convecti on, as seen in Fi gure 3.32, and 
at the same time the final densified matrix is expected to contai n a certain amount of 
trapped porosity. 
Thus by applying an in verse thermal gradien t to the sample via microwave 
heating thi s di sadvantage could be overcome, since now the reacti on rate would depend 
nonlinearl y on the temperature. The temperature of the sample being hi gher in the 
middle, as expected, would cause the reaction to be faster inside, thus causing an inside 
out densification. However, at the same time, the concentration of the precursor in these 
regions is expected to decrease significantl y and th is could result in a greater reacti on 
rate at the inlet boundary since the concentrati on is much larger there . Thus optimal 
operating conditions for temperature and inlet pressure need to be obtained to optimize 
the densified matri x. From the set of equations that are solved here under isothermal 
O.25r;======.----------,----------, 
- Diffusion only 
- Pl=5 
- Pl= 10 
- Pl= 15 
o 5 
Y I mm 
Figure 3.3 1: Showing the fina l porosity profi le fo r di fferent inlet pressure PI and for 
the diffusion-onl y process. 
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conditions, the effect of the inlet MTS concentration was fo und to be on the total 
process ing times; due to the forced fl ow conditions, variations in the inlet concentration 
did not signi ficantl y affect the fin al porosity profil es . 
It is observed in Fi gure 3.32 that the total porosity of the preform decreased 
linearl y with increase in inlet pressure. However, the process ing time was almost equal 
in each case for di ffe rent inlet pressure. It can also been seen that the processing time 
for the di ffusion process alone was muc h larger compared to the forced convecti on 
processes. 
Q.-
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Time I hrs 
50 
- Diffusion only 
- Pl=5 
- P l=lO 
- P l=15 
Simulati on 
stopped 
60 70 80 
Figure 3.32: Showing evolution of the total porosity of the medium with time for 
different inlet pressure, P 1. The simulati ons was stopped when the pressure gradient 
within the preform was more than half of its initial value. 
3.4.2.2 Constant flow rate analysis 
In thi s anal ysis, the fo llowing results were obtained for the case when the outlet 
pressure was initiall y maintained at I kPa and the inlet pressure vari ati on was 
calculated independently so that a constant volume fl ow rate was main tained at the in let 
of the preform. It is reca lled here that v is the non-dimensional vari able descri bing the 
Oarcy's ve loc ity of the fl ow of the precursor and is dependent on the vo lumetri c fl ow 
rate. The fl ow rate is measured in mul ti ples of 10 ml min-I of the gaseous precursor (H2 
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and MTS) at STP. For example, v = 2 c OJTesponds to approximately 250 ml min· l . 
Other operating conditions considered in the previous ana lysis were maintained as we ll. 
Similar observat ions were made during the earl y stages of the infiltration process 
compared to the previous analys is. While deposition continued in the accessible areas 
within the preform, the resistance to now of the gaseous precursor kept increasing until 
the pressure gradient required to maintain the flo w of the precursor became very large 
and exceeded a feasible operating va lue; densification was stopped at thi s stage. 
Compared to the previous anal ysis, where the pressure gradient was kept constant, in 
thi s case the pressure grad ient increased during the infiltration process . The va lue of the 
inlet pressure, 60 kPa, was considered as the feasible operating va lue and the stopping 
criteria for the simulations. Figure 3.33 shows the fina l pressure profiles obta ined for 
three different in let flow rates. It is observed that the pressure gradient across the 
sample became more uniform with increase in the flo w rate (increase in v), which 
implied that greater uniformity in the densification of the preform was ac hieved. This 
was due to the fac t that wi th increase in mass nux at the inlet of the preform, further 
reduced the MTS concentrati on gradient inside the preform. This in tum al lowed a 
more uniform deposition of SiC inside the preform, which then resul ted in an almost 
unifoITll pressure gradient across the sample . 
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Figure 3.33 : Showing the final pressure profil e obtained for different inlet fl ow rate. 
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The fina l porosity profi le across the sample is shown in fi gure 3.34. It is 
observed that a more uniforml y infiltrated preform was indeed obtained by increasing 
the fl ow rate . However, the change in the final profiles, suggest that an optimum value 
fo r v could ex ist beyond which the profiles wou ld minimall y changed. FUl1her, it is 
observed to thi s point that the inlet porosity is greater at the end of the process with 
increase in v. Fut1her, comparing with fi gure 3.3 1, it is deduced that the sam ple is 
infiltrated more uniforml y by keeping a constant flow rate of the precursor. The reason 
behind thi s is possibly the decrease in concentration gradient across the sample as seen 
in figure 3.35, wh ich shows the evolution of the concentration profile inside the sample 
with time. The sharp decrease in the concentration at the beginning of the reaction was 
observed here too, which stabili zed with time. Also, fut1her increase in the flow rate 
resulted in a more uniform concentration ac ross the sample. 
In general , in spite of the higher and more uniform concentration of reactants 
throughout the preform, diffusion limitations were not fully overcome. Yet, applying 
forced-flow signifi cantly reduced the processing times compared to conventional CVI. 
It was also observed that the process was stopped before the pores at the boundary 
became inaccessible. This was because even though the pores at the inlet boundary 
were accessible for flow of the precursor, the resistance to flow was so large that the 
back-pressure in the system reached the operating limit and densification was stopped. 
At thi s stage, fut1her densification of the preform could be ach ieved by dec reasing the 
flow rate, allowing the diffusion process to become more significant. However, in thi s 
case, the concentration gradient was expected to increase across the sample, which 
would allow faste r densification at the boundaries. As already stated in the previous 
section, thi s would result in trapped poros ity inside the sample due to the complete 
densification of the preform surfaces . 
Linear evolution of the tota l porosity of the preform for different fl ow rates may 
be observed from figure 3.36. It is seen here that the processing time reduced with 
increase in flow rates. However, the fina l densification matrix was not significantly 
changed. This means that the optimal fl ow rate values must be properly determined to 
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Figure 3.34: Showing the final porosity profile obtai ned for di fferent in let flow rate . 
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Figure 3.36: Showing the evolution of total porosity of the preform with time. 
allow more uniform densification of the sample and whil st reducing the pressure 
gradient at the same time across the sample. At the same time, it can be concluded that 
the flow rates can always be vari ed to achieve the amount of preform densification that 
is needed. 
Since only isothermal conditi ons were considered in thi s anal ys is, the rate of the 
reaction was directl y proportional to the concentration of the precursor. The Anhenius 
non linear dependence on temperature, as seen from equation (3.36d) , was kept constant 
in the in vesti gation. In the following section, the inverse temperature profiles generated 
by microwave heating were applied to the constant flow rate analysis to study the 
combined effects of forced fl ow and thermal gradient on the infiltration profiles and 
processi ng ti mes. 
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3.4.3 Microwave enhanced forced-flow CVI 
It is recalled here that fo r a good understanding of the Microwave Enhanced 
Forced-flow C hemica l Yapour Infi ltrat ion (ME-FCYI) process, it is necessary to study 
the effects of the fo llowing processing variab les on the in filtration process and the 
processi ng times: 
• Temperature leve l and thermal gradient in the preform 
• Total gas fl ow rate 
• Pressure gradient across the preform 
• Gaseous precursor concentration 
• Di mensions of the preform 
• Porosity of the preform 
In thi s section the results obtained from the ME-FCYI model, which is the 
combination o f the EM-model and FCVI-model, are presented and discussed. T he 
inverse temperature profiles were first generated from the microwave heating stage and 
they were appl ied to study their effects on the densification pattern and the process 
vari ables during the fo rced fl ow chemical vapour infiltration process. It is noted here 
that the evolution of the temperature di stri bution dUIing microwave heating would in 
practice be indeed affec ted by the forced flow of the gaseous precursor during ME-
FCYI, providing convecti ve losses inside the preform . However, equation (3 .24) , which 
was used to describe thermal di ffusion within the preform, did not incorporate a 
convection term. Thus its consequences on the thermal di stribution were ignored. 
However, convecti ve losses at the boundari es of the preform, controlled by the heat 
transfer coeffic ient h" were included in the thermal boundary conditions, see equation 
(3.24). Further, the decreasing porosity of the preform during ME-FCVI also affected 
the temperature fi eld as presented earlier (see fi gure 3_ 18 and 3.24), but in the analysis, 
the microstructure of the preform was not considered during e lectromagneti c heating to 
avoid the resultant complications. By taking into account the above fac ts, the 
microwave heating stage and the infil trati on stage were allowed to be decoupled during 
the ME-FCYI process. 
Figure 3.37 shows the evolution with time of the densification of a 50x lO mm 
preform. In th is analys is, a 50% dense SiC sample was heated by consideling 
P,,,r = 1.6 kW and h, = 155 Wm-' K-1 • A constant mass flux of the gaseous precursors 
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at the inlet was maintai ned during the infiltration stage by fi xing the non-di mensional 
velocity v = 2 (corresponding to 250 ml min-I ), the outlet pressure P2 at 1 kPa and the 
initial MTS concentration Co at 0.005 mol m-3 DUling the earl y stage of the infiltration 
process, it was observed that by app lyin g the in verse temperature profile, densifi cati on 
occurred most ly at the centre of the sample. This was due to the fac t th at the higher 
temperature at the centre allowed the reaction rate to be faster, which in turn resulted in 
higher deposition. The AlThenius non linear dependence of the rate of reaction on 
temperature can be seen from expression 3.36d. However, as the infi ltration process 
continued, the decrease in the porosity at the centre of the preform caused a 
corresponding decrease in the MTS concentration as shown in Fi gure 3.38. In addition, 
the MTS concentration being higher at the inlet also affected the reaction rate, allowing 
faster deposition to occur at the inlet during the latter stages of the process. Thi s 
transition is seen from figure 3.37. The red zone represents the region where higher 
densification is achieved. It is seen that thi s red zone moves slowly from the centre 
towards the in let of the preform during the process. Further, from fi gure 3.38, it is 
observed that the MTS concentration gradient increased across the sample, which 
caused the deposition to increase radiall y from the inlet of the prefolm , as shown by the 
black anow in figure 3.37_ One major factor that hindered thi s infiltration process 
however, was the non-linear increase of the back-pressure dllling the process. 
It is recalled here that a constant mass flux was maintained at the inlet of the 
preform . This caused the pressure gradient across the thickness of the sample to 
increase during the infiltration process , fi gure 3.39. It may be observed that whilst 
deposition continued in the accessible areas wi thin the porous prefolTll , the resistance to 
flow of the gaseous precursor at the inlet increased until the pressure gradient required 
became very large and exceeded a feas ib le operating value. Densification was stopped 
at thi s stage. A value 60 kPa was considered as the maximum outl et pressure and hence 
the stopping criteria for the simulations. 
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Figure 3.37: Evolution of the densification of a 50 x 10 mm preform under ME-Fey!. 
The colour bar reflects the porosity di stribution at each time step. 
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Figure 3.38: Evolution of the MTS relative concentration profile, C / Co with time 
during the densification of a 50 x 10 mm prefonn under ME-FeV!. 
Figure 3.40 shows the final porosity profile obtained after the process has stopped. 
Even though the porosity at the inlet is greatly reduced, it is seen that significant 
porosity remained at the boundaries of the preform and partly inside the prefonn whi lst 
the use of an inverse temperature profile indeed helped to achieve an inside out 
densification during the early stages of the process, the decrease in MTS concentration 
later caused most densification to occur at the inlet, which resulted in a sleeper pressure 
gradient and eventually stopped the process. Variations in the porosity gradient across 
the sample were studied next by altering the various process variables. 
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Figure 3.39: Evolution of the pressure profiles wi th time during the in fi ltration process 
of a 50 x 10 mm prefonn under ME-Fey!. The colour bar refl ects the pressure values 
in kPa. 
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Figure 3.40: Final porosi ty profile obtained during the infiltration process of an 
50 x 10 mm preform under ME-Fey!. The colour bar represents the porosity level. 
3.4.3.1 Effect of applying higher temperature level and temperature 
gradient on the porosity profiles and processing times 
From the results described in section 3.4.1 it was seen that the temperature of 
the preform could be changed, without affecting the thermal gradient, by modifying the 
heat transfer coefficient. Figure 3.4 1 shows the evolution of the total porosity profile 
when the highest temperature of the preform required for reaction to occur, T" was 
altered. The incident microwave power, P,nc ' was kept fixed at 1.6 kW. It may be 
observed that by increasing the temperature, the processing time was greatly reduced, 
however the total porosity of the prefom1 was hardly changed. Also, a slight increase in 
the porosity at the outlet of the preform was seen, see figure 3.42. This could be 
explained by the fact that the faster rate ofreaction at higher temperatures caused faster 
densification at the preform centre. This eventually increased the concentration gradient 
across the sample, which allowed less densification at the preform outlet of the. 
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Figure 3.4 1: Evo lution of the total porosity, at different temperatures, during the 
infiltration process. The preform was initi a ll y assumed 50% dense and heated with an 
incident microwave power o f l.6 kW. h, was taken to be 155 Wm -2K -' _ Th represents 
the hi ghest temperature of the preform in Kelvin_ 
The results described in section 3.4.1 also showed that thermal gradient across 
the sample could be changed by altering the incident microwave power. Figure 3.42 
shows the final porosity profile obtained when the incident microwave power was 
altered . The heat transfer coeffic ient, h" w hich characteri ses the external cooling, was 
maintained at 135 Wm-2K-' . It may be observed that when a larger thermal gradient 
(i. e . higher incident power) is appl ied, larger porosity gradient is obtained within the 
preform. The much higher temperature at the centre again resulting in faster deposition 
compared to the infi ltration occulTing at the outl et. However, minimal change in the 
final remaining porosities were observed at the inlet. The overall remaining porosity 
was thus hi gher with inc rease in the incident power level. Thus a proper control of the 
temperature level and thermal gradient was required to achieve the desired 
densi fi cati on of the preforms. 
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3.4.3.2 Effect of applying larger flow rates on the final porosity profiles and 
infiltration times 
As explained in section 3.4.2.2, an increase in the flow rate causes a decrease in 
the MTS concentration gradient inside the prefonn. When combined with an inverse 
temperature gradient the reaction rate inside the sample is expected to be higher, thus 
allowing higher deposition inside the sample. Figure 3.43 shows the final porosity 
profiles obtained along the y-axis, at the middle of the prefonn, when different inlet 
flow rates were applied. It may be observed that the porosities at the outlet decreased 
further with increase in flow rate, however densification at the in let surface was 
reduced. Similar observations are made in figure 3.44, which shows the variation of the 
final porosity along the x-axis inside the sample. Here it may be is observed that the 
porosity at the boundaries was further decreased with increased in flow rate. In this 
analysis, an incident power of 1.6 kW was considered to generate the inverse 
temperature profile and the outlet pressure was initially maintained at 2 kPa. The two 
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Figure 3.43 : Variation of final porosity profile along the y-ax is at the middle of the 
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Figure 3.44: Vari ati o n of final porosity profiles obtained a long the x-ax is at the middle 
of the preform under different in let fl ow rate. 
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competing effects of reactant depletion and reacti on rate acceleration (due to increase in 
mass flux and higher temperature) resulted in more densification inside the preform, 
thus decreasing the porosity gradient across the sample. However, as stated earl ier, 
deposition of the so lid product reduced the pore sizes and hence also decreased the 
local permeability of the prefo rm. Consequent ly, the pressure gradient required to 
maintain the flow through these regions of low porosi ty increased rapidl y eventuall y 
increasing the back pressure beyond the operating limit and prematu rely stopping the 
process. Thi s caused the elements at the inlet boundary to be less densiFied in thi s case. 
It was al so observed in thi s analysis that the final processin g times were reduced with 
increase in flow rates . This is due to the fact that the back pressure increased faster with 
increase in flow rate of the gaseous precursors. 
3.4.3.3 Effect of the outlet pressure and concentration on the deposition 
profiles 
Figures 3.45 and 3.46 show the final porosity profiles obtained along the y and 
x-axes respecti vely at the middle of the preform when different outlet pressure P2, were 
applied. Similar to the previous analysis, at high outlet pressure it was observed that the 
internal porosity of the preform was further reduced but the inlet boundary of the 
sample was less densified. However, in thi s case, it was al so observed that fUl1her 
increase in the outlet pressure, for example when P2 = 8 kPa, resulted in the inte ri or of 
the sample being less densified. Thi s anal ysis was performed by mai ntaining a constant 
flow rate (v = 2) of the gaseous precursors. According to Darcy' s law, see equation 
(3 .1 7), at high outlet pressure, i.e. at low pressure gradient across the sample, the 
precursor velocity is expected to be higher during the infiltration process. Consequentl y 
thi s allowed hi gher mass flow of the reactants inside the preform, which resulted in 
greater depletion of the MTS inside the sample, thus decreasing the internal porosity. 
However, densification was limited by the chemical kinetics for much larger gas 
ve loci ti es (higher outlet pressures) since mass transport to the surface was very fast. 
It was found that increase of the MTS fraction in the gas mi xture had almost no 
effect on the final composite densit y. However, the processing time, being inversely 
proportional wi th the MTS initi al concentration Co' was reduced due to the increase in 
precursor concentration. 
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Figure 3.45: Final porosity profi le obtained along the y-axis at the middle of the 
preform by applying different outlet pressure P2 and maintaining a constant flow rate. 
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Figure 3.46: Final porosity profile obtai ned along the x-axis across the middle of the 
preform by app lying different outlet pressure P2 and maintaining a constant fl ow rate. 
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3.4.3.4 Infiltration of larger samples 
The ME-FCY! mode l was employed to study the infiltrati on process of larger 
preform sizes during microwave enhanced FCY!. The sample sizes stated in table 3.3 
were considered dllIi ng thi s analysis. Figure 3.47 shows the evoluti on wi th time of the 
porosity profi les obtai ned when a sample size of 200 x 10 mm was heated wi th an 
incident microwave power of 1.2 kW and then in filtrated with a constant fl ow rate of 
v = 8 . It is observed from the fi gure th at depos ition occulTed predominantly at a region 
remote from the centre of the preform as pred icted by figure 3.2 1, which shows that the 
hottest region was also not at the preform centre. In addi tion, as occulTed previously the 
region of highest densification moved towards the inlet of the preform dUIi ng the 
process. It may be fUIt her observed that as depos ition continued the region of greatest 
densification increased in size and at the same time propagated towards the centre of 
the sample, thus largely infiltrating the interi or of the sample. This observation 
contradicts the expectation that the use of microwaves always results in an inside-out 
densification from the centre of the preform. The process eventuall y stopped when the 
limiting back-pressure was reached , fi gure 3 .48. It is seen from the latter that, as 
expected, the back pressure gradient started to increase in the region where the highest 
densification occurred. Fro m figure 3.47, it may also be observed that signifi cant 
porosity remained at the surfaces of the preform, resul ti ng in a high porosity gradient 
across the prefOIm . These porosities could possibl y be reduced by using larger flow 
rates and lower temperature gradients. As expected, the processin g time in thi s case 
was much longer compared to the time taken to infiltrate a 50 x 10 mm preform . 
Similar observations were made from simul ations results obtained when other large 
sizes were considered. 
This anal ysis has shown that the microwave heating of a large SiC preform can 
result in a di fferent infiltrati on pattern and yielded non-uniform dense composites. 
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Figure 3.47: Evolution of the densification of a 200 x 10 mm preform under ME-FeyI. 
An input power of 1.2 kW was applied to heat the preform whilst maintaining a 
constant in let flow rate, v = 8 , of the precursors for infiltration. 
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Figure 3.48: Evolution of the pressure profiles during the infiltration of a 200 x 10 mm 
preform under ME-FeYL The colour bar reflects the pressure values in kPa. 
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3.5 Summary 
A mathematical model describing the process of microwave enhanced forced-
flow chemical vapour infiltration (ME-FCVI) to produce SiCf/SiC composites has been 
developed and presented. Due to the complexities involved in developing such model, 
viz the electromagnetic heating of the ceramic preform, forced-flow of the gaseous 
reactants and reaction/deposition mechanisms occurring inside the porous preform, two 
sub-models were first developed. The EM-model described the electromagnetic heating 
of a SiC preform having a constant porosity level and determined the electric field and 
thermal distribution within the latter. This sub model also investigated the occurrence 
of thermal runaway with decreasing porosity during ME-FCV!. The FCV/-model 
evaluated the mass balance of the gaseous species and porosity variation during the 
infiltration process under isothermal conditions. The two sub models were then 
combined together to study the effects of the processing variables on the infiltration 
profiles and processing times during ME-FeV!. The function of this model is to predict 
trends in the composite density distributions and infiltration time that might be 
expected when the process conditions are varied. 
The simulation results have shown that the final density of the preform, as well 
as the uniformity of the latter, are strongly influenced by the processing variables. The 
results from the FCV/ model showed that forcing the gaseous precursor through the 
porous preform lead to more uniform densification due to reduced diffusion limitations 
encountered during conventional CV!. However, densification was limited by early 
termination of the process due to excessive pressure gradients. Also, it was observed 
that the boundaries of the preform were less densified. The use of inverse temperature 
gradients, when combined with pressure gradients, quite satisfactorily overcame 
diffusion limitations and provided increased control over the composite quality. Again 
it was necessary to have a proper combination of flow rates and thermal gradients to 
avoid preferential deposition in the region of highest temperatures, thus reducing 
density gradient across the preform. Together, the microwave incident power and 
external cooling (controlled by the heat transfer coefficient) could be manipulated to 
control both the temperature level and thermal gradient during the microwave heating 
stage. Higher temperature levels could lead to a decrease in the overall processing time 
with the overall density of the composite being minimally changed. On the other hand, 
the use of higher inverse temperature gradient resulted in greater non-uniformity and a 
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decrease in the density of the final composite. However, in all cases it is observed that 
the boundaries of the preform remained less densified compared to its interior. Further 
densification was still possible by using inverse thermal gradient combined with 
diffusion transport of the gaseous precursors. 
The results obtained from the EM-model showed that the temperature profiles 
were greatly affected by the decrease in porosity level during the process. The analysis 
performed by applying constant microwave incident power showed that at larger 
porosity levels, thermal runaway might occur. However, in this model the cooling 
effect inside the preform generated by the forced flow of the gaseous precursors was 
ignored. Also the microstructure of the preform was neglected during the 
electromagnetic formulation due to the complexities involved in modelling the 
interaction of microwaves with a porous media. 
To overcome some of the limitations and drawbacks described above, a one-
dimensional model was developed and analysed. The model describes the process of 
microwave enhanced chemical vapour infiltration (MECVI) under diffusion transport. 
This could help to understand the infiltration processes required to further densify the 
boundaries of the final composites obtained during ME-FCV!. The electromagnetic 
formulation of this model includes the microstructure of the preform, and a dynamic 
version of the MECVI process was investigated, where the temperature distribution was 
allowed to vary as the porosity level changed 
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CHAPTER 4: 
MICROWAVE ENHANCED DIFFUSION BASED 
CHEMICAL V APPOUR INFILTRATION 
DIMENSIONAL MODEL 
4.1 Introduction 
A ONE 
In the previous chapter it was observed that by applying forced-flow, the 
performs heated with microwaves were less infiltrated at their boundaries as compared 
to their interiors. By reducing the flow rate of the gaseous precursor, making diffusion 
the dominant mechanism, it was expected that this effect would be greatly reduced. 
Thus, in this one dimensional model the infiltration process at the boundaries was 
considered and investigated by considering the gaseous precursor to flow thorough the 
performs via diffusion only. The preform was assumed to compose of fibrous silicon 
carbide sheets stacked together with certain amount of porosity present in between. The 
effects of allowing the thermal and electrical parameters, which are porosity dependent, 
to vary during the infiltration process were also investigated. Further, occurrence of 
thermal runaway during the infiltration process was also studied by considering the 
effects of decreasing the total porosity on the steady-state solutions of the temperature 
distributions. 
The physical problem is stated in section 4.2 and a general mathematical 
formulation is presented in sections 4.3 and 4.4. The variables and parameters used 
here are defined accordingly and in some cases they do not follow the same definitions 
as in previous chapters. An asymptotic analysis producing homogenized equations 
describing microwave heating and the transport/reaction processes are performed in the 
following section. A regular perturbation expansion technique is then applied to the 
system of two-dimensional equations (in space) to obtain averaged equations with 
averaged boundary conditions. The numerical techniques applied to solve the system of 
equations obtained from the perturbation· analysis are presented in section 4.6. Finally, 
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the solutions to this system of equations are simulated numerically and discussed in 
section 4.7. 
·4.2 Model formulation 
The MECVI system that was investigated is shown in figure 4.1; it consisted of 
a preform of thickness 2b residing in a microwave cavity. The preform was composed 
of fibrous ceramic sheets stacked together with a void space, of thickness 2a,at , 
present between them, where at « b and at lies between 0 and 1. 
The process consisted of allowing gaseous precursors of known composition to 
flow continuously through the void space keeping a constant species composition at the 
perform surfaces. Two plane time-harmonic electromagnetic waves of angular 
frequency (J) impinged symmetrically onto both sides of the preform with the same 
uniform power per unit surface area, Pd. 
TM polarization was considered where the electric field was aligned along the 
- - -- z-axis~In-the-free spaceregions,-x < - b-and -;r>-b , the electric field was given by: 
x < -b (4.1) 
m=-
and 
x>b (4.2) 
m=_ 
where Eo represents the strength of the incident electric field; Rm the total reflection 
coefficients, k2 = (J)/ c, ; c, the speed of light in free space and t is the time variable. z 
is the unit vector along the z-axis and x and y represent the distances along the x-axis 
and y-axis respectively, as shown in figure 4.1. The propagation constant f3m for the m 
mode was given by: 
(4.3) 
The electric field that penetrated the laminate preform and interacted with the material 
was given by Ep = [EoV,(x, y) e-i(d 1 z, where the dimensionless function V, satisfied: 
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-b<x'<b. (4.4) 
Here, \72 is the Laplacian operator; NI2 the index of refraction; 00 the conductivity of 
the ceramic sheets at ambient temperature To; Eo the permittivity of free space; T the 
temperature of the sheets in the presence of microwave radiation and the function fe is 
the conductivity of the preform normalized by °0 , It is noted here that Ni and fe are 
both piecewise constant on each ceramic sheet. 
x )-Y 
z 
--111111111111-
i 
x=b 
1.-
SiC sample 
thickness 2b (mm) 
T 
x=-b 
Figure 4.1: Schematic of the microwave assisted CVI of a fibrous preform. The 
preform is heated symmetrically by electromagnetic waves propagating in the x-
direction. 
At the interfaces x = ± b, the tangential electric and magnetic fields were 
continuous, hence V, and its derivative were also continuous there. Using these as 
boundary conditions, the electric field within the preform could thus be determined. 
Hence the power density dissipated in the preform due to microwave heating could be 
evaluated by: 
(4.5) 
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4.3 Chemical kinetics 
It is recalled here that in the present work, silicon carbide (SiC) formed the 
matrix material of the composite with methyltrichlorosilane (MTS) decomposition 
being used for its deposition, with an excess of hydrogen (Hz) acting as the carrier gas. 
As mentioned in the literature review, although SiC/SiC composites have been the 
subject of several investigations in the field of Chemical Vapour Infiltration (CVI), the 
complete reaction mechanism of MTS decomposition under CVI conditions is still not 
well established. Hence, it was assumed that MTS decomposed according to an overall 
heterogeneous reaction, the equation being re-stated here for convenience: 
(4.6) 
The reaction rate was assumed to be first order in the precursor concentration and to 
have an Arrhenius-type dependence on the temperature, given by: 
r = k j Cexp(-Ea / RT), (4.7) 
where r denotes the reaction rate, kj the reaction constant; C the concentration of 
MTS; Ea the activation energy and R the universal gas constant. 
4.4 Conservation equations 
As discussed in Chapter 2, a complete understanding of the transport process of 
the gaseous species that occur during CVI involves a number of complexities. 
However, the Dusty gas model can be used to describe it. The simplest formulation of 
the gaseous phase within the preform is obtained by considering one reacting species. 
Hence, it is assumed here that the gaseous system is dilute, that is, the concentration of 
MTS is much smaller than that of the carrier gas. Dilute gas systems during CVI have 
been investigated successfully in the past [55, 65, 66] involving binary and Knudsen 
diffusion. The Dusty gas model can thus be simplified to obtain an approximate 
expression for the molar flux. Hence the unsteady state mass balance of the precursor 
gas that diffuses throughout the accessible part of the preform is given by: 
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dC =V.(DVC). 
dt 
D is the effective diffusion coefficient given by: 
1 1 1 
-=-+-, 
D Dk Dm 
(4.8) 
(4.9a) 
where D; is the Knudsen diffusion coefficient due to collision of the molecules with 
the pore walls given by: 
D; = 9700F(_T_)If2 , 
M TMS 
(4.9b) 
where, -F represents the characteristic size of the pores and M MTS is the molecular 
mass of MTS. Dm is the binary diffusion coefficient due to collision of the molecules 
between themselves given according to kinetic theory [130] by: 
D' k 
0.001858T 3/' _1_+_1_ 
MMTS M H, 
P1i'IT 
(4.9c) 
where P is the pressure (assumed fixed); 1i the Lennard-Jones parameter for the pair 
of gases; IT is the collision integral and M H, is the molecular mass of H2• 
It should be noted that the term describing the reaction at the solid/gas interface 
in equation (4.8) has been omitted. This will be considered in section 4.5 when finding 
the boundary condition across this interface. At the preform/environment interface it is 
assumed that the concentration of the precursor gas remains fixed, that is, C = Co at 
x = ±b, Co being the initial inlet concentration. 
The energy balance is considered next. A heat source term was required to 
represent the amount of energy dissipated within the porous body by microwave 
heating and a sink source term to represent the energy needed for the chemical reaction 
to take place. It was assumed, however, that the latter was negligible compared to the 
former. Hence, the unsteady state energy balance equation for the gas-fibre preform 
was given by: 
(4.10) 
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where pp c P and k, represent the density, specific heat and thermal conductivity of the 
fibre preform respectively. These thermal parameters were assumed to be piecewise 
constant across the material. It was assumed initially that the sample was at ambient 
temperature To' At the interfaces between the preform and the environment heat losses 
were considered due to convection and radiation: 
x=±b, (4.11) 
where h, represents the heat transfer coefficient; Sb the Stefan-Boltzmann constant and 
e the emissivity of SiC. 
Finally, the evolution of the preform porosity with respect to the reaction was 
obtained through a mass balance given by: 
aF r 
=--- (4.12) 
at p Ps 
where F represents the moving solid/gas interface and Pps the density of SiC, 
respectively. It was assumed initially that the void space was uniform: 
Next the above system of equations is non-dimensionalised by substituting the 
following dimensionless variables denoted by the prime letters: 
x' = x/b, y' = y/a" T' = -1 + T /To ' t'=t/O, k; = k'sk" 
D'= D/Do (4.13) 
where k'sand c ps are the thermal conductivity and heat capacity of SiC respectively 
and Do is the diffusion coefficient at ambient temperature. It should be noted that the 
time variable was scaled bye, which is as yet unspecified. 
The electric field in non-dimensional terms after dropping the primes now becomes: 
E = [exp(ik2x-iwtO) + LRmexp(27rimya,)exp(-i,Bmx-iwtO)]Z, x < -1,(4.14a) 
m=-oo 
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m=--
where the propagation constant was given by: 
(4. 14c) 
The function V, satisfied: 
2 d
2
V, d
2
V, 2k 2 [N 2(). f. (T )]V 0 C, --2 + --2 + &. 2 I Y + l Vc c ' Y e = , dx dy (4.15) 
and the temperature and concentration distributions became: 
(4.16) 
and 
c,'A, de =C.'~(Dde)+~(Dde). 
B ~ dx dx dx dy 
(4.17) 
Finally. the evolution of the solid/gas interface was described by: 
c,'A,dF =-r 
B dt • (4.1Sa) 
where. 
r = D~eexp(- Ea/RTo(T + 1)). (4.1Sb) 
From the above equations the following dimensionless parameters arise: 
B = h,b • 
k" 
fJ = sbeTi , h • 
e 
P = (job
2 lE 12 
c 2T. k o· 
o " 
(4.19) 
Here c, is a parameter for the geometry of the porosity present; B is the Biot number 
measuring the relative effects of convection and conduction; /3, is the radiation heat 
loss parameter; Pc is a measure of absorbed power density from the electric field; D~ is 
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the Damkohler number representing the ratio of the characteristic diffusion time to the 
characteristic reaction time and AI' A2 and A3 are respectively the thermal diffusion, 
gas diffusion and reaction time scales. The equations (4.15-4.18) were only valid within 
the preform, i.e. Ixl < 1. 
It was further assumed that the filling process of the porous preform occurred in 
an axis-symmetric fashion. Hence by applying no-flux boundary conditions on the axes 
of symmetry, the following non-dimensional conditions were obtained: 
At x =0, 
dV, =0 
dx ' 
At x = 1, 
oT =0 
ox ' 
oC . 
ox =0. 
k, ~: = -BT - B,B,[(T + I}' -1], 
and C =1. 
(4.20a) 
(4.20b) 
The temperature and the electric field distributions were considered to be continuous 
across the gas/solid interface and their derivatives with respect to y to be zero at the 
pore axes. The boundary F was assumed to be equal to a l initially. The boundary 
condition for the concentration field is developed in the following section. 
4.5 Asymptotic analysis in the limit E, 2 ~ 0 
As a starting point the non-dimensional parameter E, = al / b was considered. It 
may be remembered that the thickness 2a, of the ceramic fibre layer and the pore, 
which make up the preform, was much smaller than the total thickness b of the 
preform, that is E, «1. Regular perturbation methods [152,153] were applied to the 
above governing system of equations to derive homogenized simplified equations 
describing the microwave heating and the transport/reaction process in the limit 
E, ~ O. The filling process of one pore was considered for convenience and an 
expansion in powers of E.2 for V" T and C was assumed, i.e., 
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" 2' V,(X,y,e"t) = L.,.,e, iV,/X,y,t), 
j=O 
" 2' T(x,y,e"t) = L.,.,e. iTaj(x,y,t), 
j=O 
C(X,y,e,t)= Le.2jCa/x,y,t), 
j=O 
in the limit e/ ~ O. 
(4.21a) 
(4.21b) 
(4.21c) 
Inserting (4.21a-c) into (4.15-4.17), expanding the nonlinear terms in an 
asymptotic series, and equating to zero the coefficients of the powers of e,2 , yielded an 
infinite set of equations that sequentially determined V'j' Taj and Car The leading 
order 0(1) equations were: 
k a2Tao =0 
I at2 ' (4.22) 
and their solutions were: 
Appendix 5 demonstrates the use of the power expansion series to obtain the leading 
order equations and their corresponding solutions. At y = 0, the derivative of V,o' Tao ' 
and C aO with respect to y was required to be zero. This implied that to the leading 
order 0(1) term these distributions were functions of x and t only. It should be noted 
that D was dependant on temperature, hence to leading order it was a function of x 
and t. 
The order O( e 2 ) equations were: 
(4.24) 
A,g atao = k a2Tao k a2TaI P f. (T b)IE 12 
e at I ax2 + I a y2 + " ,y p' (4.25) 
(4.26) 
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Considering the region within the gas phase and integrating (4.24) and (4.25) once with 
respect to y resulted in: 
aV'1 _ aZv,o k Z fY[N Z • f. ( )]d 
----y--z-- zV,o Ip+zvc cp T s 
ay ax ° 
(4.27) 
yAlg aTao = k y a2Tao + k aTal + JY P f. (T)IE 12 ds 
B at I ax2 I ay ° G Gp P , (4.28) 
where s is a dummy variable, N I
2p and fep (T) are respectively the index of refraction 
and the conductivity of the gaseous precursor. Also it may be noted that lEX was a 
function of x only. Similarly, within the region of the solid material: 
(4.29) 
(y -1)AI aTao = (y -1) a2Tao + aTal + JY P f. (T)IE 12 ds 
B at ax2 ay I G cs P , (4.30) 
where this time N~ and I" (T) are the index of refraction and the conductivity of the 
solid material respectively. 
At the boundary y = F(x) , it was required that the normal derivatives of the 
temperature and the electric field were continuous, that is, VT+·n = KVT-·n and 
VV, + • fi = VV, - . fi. The + and - sign denote values slightly above and below the 
interface F. The normal vector at the boundary F in dimensionless form was given 
by: 
A ( aF) n = - e, ax ,1 . (4.31) 
Thus, to leading order 0(1) term: 
[aV'1 _ av,o aF]+ = [aV'1 _ av,o aF]- , ay ax ax ay ax ax (4.32a) 
[aTal _ aF aTao]+ = k [aTal _ aF aTao]-ay ax ax I ay ax ax (4.32b) 
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Applying these conditions to Equations (4.27-4.30) yielded: 
(4.33a) 
A,g dTaO = ~(k dTao ] + (1- F)P f.' (T )[E [2 e dt dx 'dx c c aO p' (4.33b) 
where 
g = (1- F) + Fg , 
k, =(I-F)+Fk,. 
The 0(8/) equation for the concentration field was: 
A, dCaO =~(DdCaO]+Dd2Ca" 
e dt dx dx dy> 
0< y< F. (4.34) 
Considering a simple conservation of mass argument at the boundary y = F(x) yielded 
the following condition: 
n· 8D- D- =-r '( dC dC] 
• dX' dy , (4.35) 
where r was given by equation (4.1Sb). It may be noted that the exponential term in 
the expression for r was on the order 0(8/) when the temperature reached the critical 
value Tc at which the reaction started to occur. Thus r was written in the form, 
r = 8.2 D;Cf', where f' was on the order 0(1) and was temperature dependent. 
Substituting for r in (4.35) and using equation (4.21c), the leading order 
0(1) condition was: 
dCao = 0 
dy , (4.36) 
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whose solution was again a function of x and t. The leading order O(e2 ) condition 
now became: 
D aCa, = -D'rc + D of acao . 
ox a aO ox ox (4.37) 
Integrating (3.34) once with respect to y and applying condition (4.37), yielded 
A,F acao =~(DFacaOJ-D'rc . 
B ot ox ox a aO (4.38) 
A similar analysis was required to obtain the corresponding boundary conditions for the 
temperature concentration and electric field distributions, these steps have been omitted 
here to avoid repetitions, viz: 
x=l: 
x=O: dV,o =0 
dx ' 
oT,o =0 
ox ' 
ocao =0. 
Ox 
The evolution ofthe moving solid/gas interface was given by 
A. of _ ' , 
--:;- - -rDaCao· B ut 
where F = a, initially. 
4.6 Numerical experimental 
(4.39a) 
(4.39b) 
(4.40) 
The system of equations (4.33) and (4.39) was investigated by applying 
numerical techniques to study the thermal runaway effects during the chemical vapour 
infiltration process. Steady state equations were considered in this first analysis. The 
dynamic version of the MEFCVI, described by equations (4.33), (4.38), (4.39) and 
(4.40), was then investigated by applying the finite difference techniques to determine 
the evolution of the various distributions involved during the process. For convenience, 
the subscripts defining the leading order terms for the distributions have been omitted. 
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4.6.1 Determining steady-state solution to study thermal runaway 
effects 
This analysis was begun by seeking steady-state solutions for equation (4.33b). 
Setting the time derivative equal to zero and integrating the resulting ordinary 
differential equations with respect to the space variable x and applying the boundary 
conditions (4.39a), yielded the following implicit expression for the latter at the 
preform/environment boundary: 
p = B(T,(1)+,B,«T,(1)+1)4 -1)) 
, jPJllVJ ' (4.41) 
where IIV,oll = S: Jv,012 dx. T, (1) represents the steady-state temperature at the 
preform/environment boundary. In order to pursue the study further, a specific form for 
the function je needed to be chosen. Recall that je was the effective non-dimensional 
electrical conductivity function of the preform. An analysis of the dielectric properties 
data for SiC [151,154] and following the same approach performed by Kriegsmann 
[116] it was found that the function f" (T) representing the electrical conductivity of 
SiC could be modelled as: 
fe, (T ) = e'l T , (4.42) 
where Cl was a constant representing the slope of the line obtained when the natural 
logarithm of the function fe, was plotted against the temperature T. It was observed 
that the value of Cl was greatly dependent on the dielectric property value for the 
material being investigated, in this case SiC. Analysing the dielectric property data of 
SiC obtained under different measurements [151,154], it was seen that an enormous 
degree of scatter existed in the values. Batt et al [151] stated that the more lossy the 
material was, the more difficult it was to get accurate dielectric property measurements. 
Hence, after fitting empirical models in the permittivity data from [151,154], particular 
values of Cl obtained were 3.0 and 0.8. Assuming the electrical conductivity, fep' of 
the gaseous precursor present within the pores to be 1, the function le was given by: 
j(T) = (1- F) fe, (T). (4.43) 
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It was observed that the term in the denominator of equation (4.41) coupled the latter 
with equation (4.33a) describing the electric field. Thus both equations were solved 
simultaneously at each prescribed point in space using the shooting method [141]. This 
way, a series of steady state temperature values were finally obtained for different 
power and porosity levels, which could be used to study the thermal runaway effects. 
4.6.2 MECVI - dynamic version 
In this analysis, the non steady-state solutions for the temperature, concentration 
of MTS and porosity distributions were evaluated during the infiltration process. The 
Finite Difference (FD) techniques (see section 3.3) were applied in space to solve 
equations (4.33b), (4.38) and (4.40). Updating the model with respect to time was 
performed using the Crank-Nicholson (CN) scheme [141,142]. Also a regular shooting 
method [141] was used to determine the electric field distribution within the perform at 
each time step. Only the equations obtained in dicretizing the heat diffusion equation 
(4.33b) by using FD techniques and the CN scheme are shown below in order to avoid 
repetition. Following the same steps involved in section 3.3 the perform was discretized 
along the x-direction with step size t:u and the time variable t was discretized 
similarly with time step M. Thus the temperature at a typical point (xm , t.) at time step 
n was represented as T; , where, 
m =0,1, .......... ,2M 
t. = n!1t, n =0,1,2, .......... . 
The differential equation (4.33b) was converted to its equivalent finite difference 
approximation, given as: 
T· tl _ T" 
m m 
!1t 
f,B fT.tl _ 2Tn+1 + Tn+1 + T' - T' + T' 1 2A "Ax L m-I m m+1 m-I m m+l Ig 
+ 2B(I-F;)P}c(T;)IEp:12 
A,g 
(4.44) 
It is noted here that the thermal conductivity f, and the variable g were considered to 
be a function of total porosity only at each time step in order to avoid extra 
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complications in the numerical analysis. The above equation was simplified using the 
substitutions: 
(4.45a) 
Similarly the boundary conditions (4.39) were converted to the following finite 
difference approximations: 
(4.45b) 
2tuB 2tufJ,B 
where, Y2 =-,- and fJ, = , . 
k, k, 
Finally equations (4.45) were transformed into a set of M + 1 linear equations, which 
were represented in matrix form as: 
1 + 2A., - 2A., 
- A., 1 + 2A., A., 
1+2A., 
-2A., 
n+I 
Too 
= 
1- 2A., 2A., 
A., 1 - 2A., A., 
A., 1 - 2A., A., 
2A., 2- a2 
where, S M = -2A.,fJ,[(1 + T; t -1 J and a2 = 1 + 2A., + Ay 2 • 
Eo 
To 
n 
El 
+ 
TM 
EM_I 
EM +SM 
...... (4.46) 
This system of linear equations was solved onward using LU Decomposition, see 
appendix 4. 
4.7 Numerical results and discussion 
The values of the dimensionless parameters involved in the simulation were 
obtained by using the values of the dimensional parameters shown in Table 4.1. During 
the process physical phenomena occurred at different time scales. Using the 
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dimensional parameter values, the approximate order of magnitude of these time scales 
AJ , A, and A3 in equations. 4.33b, 4.38 and 4.40 respectively were evaluated and are 
listed in Table 4.2. It may be seen that the concentration and temperature distributions 
reached equilibrium much faster than the evolution of the pore. 
Table 4.1. Dimensional parameter values used. 
Sample thickness, 2b 
Slab+pore width, 2a, 
Ambient temperature, To 
SiC thermal conductivity, k" 
SiC density, Pp, 
SiC specific heat, C p, 
SiC electrical conductivity, (Jo 
SiC emissivity, e 
MTS molecular mass, M MTS 
H2 molecular mass, M H, 
Frequency, ro/2rt 
Heat transfer coefficient, h, 
Reaction constant, k, 
Activation energy, Ea 
Initial pressure, P 
Lennard·Jones parameter, n 
Diffusion coefficient at STP, Do 
Table 4.2: Time scales of physical phenomena 
0.020 m 
= 100 I-lm 
298.15 K 
35.7W/mK 
3110 kg/m' 
llOOJlkg K 
4 x 10' l/Qm 
0.85 
0.1495 kg 
0.0022 kg 
2.45 GHz 
155W/m2 K 
3.0 Kg/m2s 
155 kllmole 
1.01 x 104 Pa 
0.4414 nm 
1.0 
Time scale Represented parameter 
Gas diffusion A, 
Thermal diffusion A, 
Pore evolution A, 
Order of magnitude 
0(10-') 
0(10-') 
0(103 ) 
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During the early stage of the process, since the gas diffusion time scale was 
much less than the thermal diffusion time scale, the dilute mixture of gases was able to 
diffuse into the preform whilst the latter was still moderately cool. This way, the 
concentration distribution became almost equal throughout the preform. The reaction 
started to take place when the preform temperature reached the critical temperature 
T, '" 2.6, which corresponds to a dimensional temperature of 1080 K from equation 
(4.13), thus allowing concentration gradients to be established. A threshold power level 
was needed for the preform temperature to reach T,. The dimensional time variable 8 
was taken to be 8 = Al throughout the next analysis. 
4.7.1 Steady-state temperature solutions 
The steady-state solutions were investigated for different initial porosity levels. The 
solutions were obtained by considering the numerical analysis in section 4.6.1. From 
expression (4.41), it was deduced that if the power parameter p" was sufficiently small, 
then the steady state temperature could never reach the critical temperature for the 
reaction to occur. Figure 4.2 shows the S-shaped response curve obtained when the 
steady state solutions were plotted against their respective power levels. The constant 
Cl in (4.42) was taken to be 0.8 in this case with an initial porosity level a l = 0.5. The 
skin effect, which reduced the electric field within the perform (occurrence of thermal 
runaway) created the steady state temperature values represented by the upper branch. 
This response curve shows that there are either one or three possible steady state 
solutions for a given power; the case p" = 0.05 is considered as an example where t l , 
t2 and 13 are the three solutions. However, numerically only 11 was obtained as a 
steady-state solution for Pc = 0.05 when the power level is increased monotonically. 
This was achieved by considering the dynamic version of this heating process. The 
solutions obtained are represented by the lower branch, the line SIS2 and the upper 
branch. The line SIS2 shows that a slight increase in power level at the point SI causes 
the steady-state temperature to evolve on the upper branch at S2' which corresponds to 
thermal runaway. The solutions 12 and t3 , can be obtained in practice by considering a 
power control heating system [116]. The latter however are quite difficult to produce. 
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Figure 4.2: Plots of steady-state temperatures T, (1) for different power levels Pc' 
The constant Cl was taken to be 0.8 and the initial porosity level a l = 0.5 
Figure 4.3 shows the numerical results obtained for various initial porosity 
levels when the constant Cl in (4.42) was taken to be 3.0. It was observed that for small 
initial powers, the steady-state solutions for the different porosity levels ex was limited 
well below the threshold temperature Tc (temperature at which the reaction is expected 
to occur in this analysis). The lower branches of the S-shaped curves represent these 
solutions. However, for larger power levels the steady state solutions are represented by 
the upper branches, where the skin effect began to significantly reduce the electric field 
within the preform as discussed above. It is also seen that these solutions are well 
below the temperature at which the material breaks down ('" 6.5) [39], which means 
that the densification process of the preform can still continue. However, due to the 
skin effects the temperature of the preform/environment interface was slightly higher 
than the interior of the preform and. hence, the reaction rates being greater at this 
interface, the pores closed faster, choking off the reaction. 
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Figure 4.3: Plots of steady-state temperatures T, (1) for different power levels Pc' The 
constant Cl was taken to be 3.0. It is observed that the upper branches of the curves lie 
below the 4.5 mark on the temperature axis, which is well below the temperature at 
which the material breaks down ('" 6.5). 
Figure 4.4 represents the corresponding numerical solutions for the steady-state 
temperatures when C was taken to be 0.8. It should also be noted in this case that 
higher power levels were needed to reach the threshold temperature for reaction to 
occur. It is observed from the figure that the critical power needed to reach the 
threshold temperature lay almost on the lower branches of the S-shaped curves for the 
different porosity levels. Thus the temperature in the interior of the preform was 
expected to be higher, allowing the reaction rate to be faster there, hence favouring an 
inside out densification. However, as the reaction proceeded, the porosity of the 
preform decreased. This allowed the temperature to increase to reach the upper branch 
of the response curve, which corresponded, to thermal runaway. It is observed from the 
figure that these steady state solutions occurred well beyond the temperature at which 
the material breaks down. A control power theory could thus be applied in this case to 
ensure rapid heating and proper densification of the preform without destroying the 
material through thermal runaway. It is also observed that in this case more power was 
needed to reach the threshold temperature compared to the first case. A similar 
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observation from these two figures is that increasing the amount of SiC in the structure 
lowered the temperature on the upper branch for a given power level. 
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Figure 4.4: Plots of steady-state temperatures T, (1) for different power levels ~. 
the constant c, was taken to be 0.8 
4.7.2 Dynamic version of the MECVI process 
The dynamic system where the pore boundary was allowed to propagate was 
considered next using the numerical analysis reported in section 4.6.2. The case where 
the constant c, = 0.8 was investigated by considering the non-dimensional power 
parameter Pc = 0.02, with an initial porosity level lX, = 0.4 and initial concentration of 
0.05. Figure 4.5 shows the evolution of the interior temperature T(O, t) and the 
perfonnlenvironment interface temperature T(I,t) as a function of the time variable t 
during the early stage of the process. In addition, the magnitude of the electric field at 
the interior of the preform IV,(0,t)12 as a function of t is also shown. Using the 
dimensional values in Table 4.1, the variable t = 55 corresponds to a dimensional time 
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of approximately 2.3 hours and the parameter p" = 0.02 corresponds to a power density 
of approximately 50 Wcm'2. It was observed that initially the electric field in the 
preform remained almost constant as it heated, however, prior to reaching the threshold 
temperature at which the reaction occurred, the magnitude of the electric field 
decreased significantly due to the skin effects occurring in the preform, thus the 
temperature appeared to be in thermal runaway. 
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Figure 4.5: Showing the interior temperature To(O,t), preform/environment 
interfacial temperature To (1, t) and the magnitude of the electric field in the 
preform IV (0, t)1 2 as a function of time. 
When the threshold temperature was reached the MTS gas decomposed within 
the preform to produce SiC, which was deposited on the pore walls. The interior 
temperature being slightly higher, figure 4.5, caused the local reaction rate to be faster, 
hence causing an inside out densification process to occur. However, later during the 
process when the density of the material increased, the skin effects occurring in the 
preform allowed the preform/environment interfacial temperature to become higher. 
This caused the pore mouth to close much faster compared to the interior of the pore 
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and the numerical simulation was terminated when the pore mouth at the 
preform/environment interface was closed; F(1,t) = 0.001 was chosen to represent 
this. 
Figure 4.6 shows the evolution of a single pore wall/precursor gas 
interfaceF(x,t) as a function of the distance x from the centre of the preform at 
various times t, the preform centre and the preform/environment interface being 
located at x = 0.0 and x = 1.0 respectively. It can be clearly seen that the pore closes 
faster at the preform/environment interface as explained earlier leaving behind a small 
amount of porosity. As will be shown in the coming numerical results, this trapped 
porosity could be decreased by varying the operating conditions; viz the initial 
concentration of MTS and the power level. 
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Figure 4.6: Evolution of the pore boundary F(x,t) at t = 2.50hrs, t = 4.17hrs, 
t = 6.25 hrs and t = 8.33 hrs, initial porosity level a = 0.4. It can be seen that the pore 
closes faster at the preform/environment interface where x = 1 
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The evolution of the concentration profiles of the precursor at different times, t, 
as a function of the distance, x, from the centre of the preform is shown in figure 4.7. 
As discussed at the beginning of this chapter, the dilute mixture of gases was able to 
diffuse into the preform whilst the latter was still relatively cool during the early stage 
of the process, allowing the concentration distribution of the precursor to be uniform 
throughout the preform, that is C(x, t) = 1.0. However, a significant drop in the 
concentration in the interior of the preform during the early stage of the process was 
observed when the reaction process started, figure 4.7. The concentration at 
t = 2.38 hrs dropped from 1.0 to a value less than 0.6 at t = 2.5 hrs at the preform 
centre. However, the concentration decreased much more slowly as the reaction process 
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Figure 4.7: Gas concentration profiles C(x,t) across the preform at the values 
t = 2.50 hrs, t = 4.17 hrs, t = 6.25 hrs and t = 8.33 hrs. It may be seen that there is a 
large initial drop in the concentration in the interior of the preform at the beginning of 
the processing stage, which slows down over time. 
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continued. This initial drop was due to the immediate depletion of the precursor gas 
when the reaction process began, which then relaxed over time through the diffusion 
process that occurred. 
At the beginning of the reaction processing stage, the temperature of the 
preform T(x,t) continued to increase beyond the threshold temperature until the 
steady-state solution was attained, with the temperature at the preform/environment 
interface being slightly higher due to the skin effects discussed earlier. It may be 
observed from figure 4.8 that as the amount of matrix SiC in the preform increases due 
to the chemical reactions taking place, the steady state temperature decreases slowly 
with time. This can be explained as follows: more power is needed to keep the preform 
temperature at a required level as the latter gets densifies. However, since the preform 
was being heated by a fixed power P, in this analysis, the steady state temperature 
would decrease with increase in densification of the preform. This is also clearly 
observed from the S-shaped curves shown in Figure 4.3 obtained by considering the 
steady-state version of the problem. 
4.7.3 Control densification of the preform 
As discussed above, the temperature being higher at the preform/environment 
interface together with a higher concentration of the precursor present at that point 
caused the rate of the reaction to be greater, hence closing the pore mouth much faster 
compared to the interior of the pore. This allowed the pore width at the 
preform/environment interface to be smaller than that at the centre of the preform. 
Figure 4.9 shows a schematic diagram of the filling of one pore during the process, 
where F(x, t) represents the moving solid/gas interface as the reaction proceeds. The 
input power level P, and the initial concentration are the parameters that can be used to 
control the densification of the preform and the processing times, t f' at which the 
simulations terminate. 
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Figure 4.8: Temperature profiles within the preform at the times t = 6.25 hrs, t = 7.29 hrs, 
t = 8.33 hrs and t = 9.38 hrs. It may be observed that the prefonnlenvironment interfacial 
temperature, at x = 1, is slightly higher due to the skin effects. Also during the process, 
the steady state temperature decrease with increase in the amount of SiC in the structure. 
As indicated earlier, the stopping criteria for these simulations was when the 
pore width at the prefonnlenvironment interface closed, that is, when the pore 
wall/precursor gas interface, F(I, t), reaches the axis of the pore; the condition 
F(l,t) = 0.001 was chosen to represent this. From figure 4.9 it may be observed that it 
was sufficient to control the final position of the pore width F(O,t) at the centre of the 
preform in order to control the densification of the whole preform; by reducing the final 
position of F(O,t), a more densified preform was obtained. It is noted that F(O,t) is 
the position of pore wall/precursor at x = ° at time t. 
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Figure 4.9: Schematic of the filling process of one pore during the MECVI process 
Figure 4.10 shows the final position of the pore width F(O, t) for di fferent 
values of ~ for given initial porosity levels, a, = 0.1, 0.2, 0.4 , and an initial 
concentration of 0.1 . It is seen that larger power levels lead to better densification of the 
preform. However, for smaller initial porosity levels, for example in the case a l = 0.1 , 
the final position of F(O, t) didn't improve much with increase in power levels. Thus 
the final densified preform was not significantly changed by an increase in power level 
in that case. Funher it was observed that for larger initial porosity levels, more trapped 
porosity remained within the preform. For example in the case a, = 0.4, the fina l 
position of F(O,t) was much higher compared to those obtained when smaller in itial 
porosity levels were considered. This meant that less densified preforms were obtained 
ifsamples with larger porosity levels were used . 
Figure 4.11 , shows the final position of the interior of the preform F(O,t) for 
various inlet concentrations of the precursor gas, MTS . It was observed that F(O,t) 
decreased significantly with increase in the concentration. This implied that the 
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porosity of the preform decreased considerably to produce a denser composite. It was 
also observed that the final position of F(O,t) was more or less the same for the 
different initial porosity levels. This meant the final density of the composite was not 
affected by the initial porosity level in this case. It is also seen that the final position of 
F(O,t) remained almost constant with further increase in the inlet concentration for 
each of the porosity levels. This implied the final densified preform was not much 
improved beyond certain inlet concentration of MTS. 
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Figure 4.10: Final position of the pore width F(O,t) at the interior of the preform as a 
function of input power levels for a, = 0.1, a, = 0.2 and a, = 0.4. For larger initial 
porosity, higher power levels leads to better densification. 
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Figure 4.11: Final location of the pore width F(O,t) at the interior of the preform as a 
function of initial concentration of MTS for a: = 0.1, a: = 0.2 and a = 0.4. Larger 
initial concentrations lead to better densification. 
Figure 4.12 shows the final processing time, t f' (time it takes for the pore to 
close at the preform/environment interface) as a function of input power density for 
initial porosity levels of a, =0.1, a, =0.2, a, =0.4. These simulations were 
performed by keeping the inlet concentration fixed at 0.1. It can be seen that increasing 
the input power density, p", decreased t f for each a" however, the effect was 
relatively small. This observation was also seen when the inlet concentration of MTS 
was increased, keeping the input power fixed, however the effect was even smaller, 
figure 4.13. Thus it can be concluded that the final processing time was almost 
unaffected by the MTS inlet concentration. 
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4.8 Summary 
A one-dimensional mathematical model describing the process microwave 
enhanced chemical vapour infiltration (MECVI) process has been developed and 
analysed. The model helped to investigate the infiltration of a porous SiC preform by 
allowing gaseous reactants to flow through the preform by diffusion transport. An 
asymptotic analy.sis producing homogenized equations describing the microwave 
heating and the transport/reaction processes was performed. The infiltration process of 
a single pore was considered and the evolution of the pore boundary was numerically 
obtained by solving the resulting homogenized set of equations. The model took into 
account the effects of the changing materials properties, the heat of reaction and non-
uniformities in the gas concentration within the preform on the infiltration profiles and 
processing times during the process. It also investigated the important issues of non-
uniform heating and thermal runway during microwave heating of the porous SiC 
preform. 
It was found that for a fixed input power, as the amount of porosity in the 
preform increased the steady state temperature eventually moved to the upper branch of 
the S-shaped curve that corresponds to thermal runaway. It was seen that the steady-
state solutions lying on the upper branch were significantly less than the temperature at 
which the material breaks down, thus allowing further densification without damaging 
the material. However, due to the skin effects, the prefonnlenvironment interfacial 
temperature was slightly higher than that of the interior. This allowed the pore to close 
faster at the boundary, choking off the reaction in the interior of the preform. This 
caused entrapment of porosity in the interior of the preform that would have 
unfavourably affected the mechanical properties of the final densified product. This 
could be overcome by applying a control power theory to prevent thermal runway. 
Although the model developed was one dimensional, the numerical results 
predicted some important trends including the skin effects. This gave a considerable 
degree of insight in understanding the MECVI process under diffusion driven gaseous 
precursors. However, it may be concluded here that for better quantitative comparison 
with experimental data, the dependence of the material properties on porosity and 
temperature, together with experimental details during this complicated process, are 
still required. 
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CHAPTERS: 
GENERAL DISCUSSION 
5.1 Introduction 
In line with the models developed during this research for Microwave Enhanced 
CVI (MECVI) and the numerical results obtained from the simulations, this discussion 
chapter is divided into two main parts. The first section discusses the numerical results 
obtained and mainly focuses on a comparison between the experimental and literature 
results. For convenience, a general comparison in the trend of the numerical results 
obtained with their experimental counterparts is performed here; the results obtained 
from the experimental work carried out by J aglin [39] are considered most during this 
study. Figure 3.1 in Chapter 3 shows the schematic diagram of the MECVI apparatus 
used during the latter experimental investigation. The second section discusses the 
mathematical aspects and difficulties faced upon developing the models and examines 
their consequences on the latter. Previous theoretical models developed in the past by 
various authors describing the process are also considered here for a comparison. 
5.2 Validation of numerical results 
5.2.1 Microwave heating of SiC prefonn before infiltration by CVI 
The results of temperature profile measurements made on SiC fibre preforms 
during the initial microwave heating stage are considered here [39]. In this 
experimental work, the temperature at the centre of the preforms was controlled using a 
type-K thermocouple and the input microwave powers needed to heat the samples were 
dependent on the set temperatures. The plot of the relative temperature difference 
between the centre and points across the SiC foams for four central control 
temperatures ranging from 1073 to 1373 K are shown in figure 5.1. The bell-shaped 
curves are typical of the inverse temperature profiles generated by volumetric 
microwave heating. Similar results were obtained from the numerical simulations, see 
figure 3.11. From figure 5.1, it can be seen that when the control temperature was 
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decreased, the temperature profile flattened across the sample. From figures 3.13 and 
3. 14, the numerical resu lts demonstrated that both the temperature and the thetmal 
gradient were dependent on the input power; a decrease in the latter caused both 
temperature and thermal gradient to decrease in agreement with the experimental 
results . 
• 1073 K 
• 1173 K 
.. 1273 K 
T 1373 K 
-1EO '-'----''::-~-'::-~-L-~-:-~~-L-~~,__~_7--'-' 
-12 -8 -4 0 4 8 12 
Distance from the centre I mm 
Figure 5.1: Temperature profiles recorded across a SiC preform with dimensions 
50x 10 mm, in air for central set point temperatures of 1073, 1173,1273 and 1373 K. 
The microwave power was allowed to vary in the range 0.36-3 .60 kW. Reproduced 
from reference [39]. 
The numerical results also showed that the temperature levels could be varied 
by controlling the degree of external cooling via the heat transfer coefficient, h, . It was 
seen that an increase in h, caused the temperature to decrease without affecting the 
thermal gradient significantly. Thus a proper control on both the input power and h, 
showed that the required temperature and temperature gradient could be achieved, see 
figure 3.17. In the experimental work, this was performed by using insulating materials 
to surround the sample, e.g. porous alumina, that were relatively transparent to 
microwave radiation. In this case it was seen that the use of the alumina allowed the 
temperature profile to be tailored by maintaining the desired temperature. This was due 
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to the fact that both radiati ve and convecti ve heat losses at the boundari es were limited 
with the use o f the insul ating foams. This quali tati ve ly val idates the numerica l results; 
however the central temperatu re of the preform was onl y controlled during the 
experi ment and thus it was impossible to see the quantitati ve effect of the insulati ons 
alone on the temperature level by maintaining a fi xed input power. 
5.2.2 Densification pattern obtained during infiltration of SiC preform 
byMECVI 
Figure 5.2 represents raw X-ray absorption scans with their colo ur enhancement 
fo r SiC samples obtained at di fferent times during the infil tration process [39). It can be 
observed that densification progressed from the inside out, the densify ing region at the 
centre fi rst becoming broader and denser as shown in the fi gure. After 16 and 24 h of 
MEFCVI, the densification mainly occurred in the central parts of the sample spreading 
outwards. The density pattem is modifi ed at thi s stage as the rel ative density increased 
rathe r non-unifOIIDl y across the sample. Standard conditions were used in thi s 
experiment; the temperature at the centre, T = 1273 K , the mixture flow rate, 
Q = 300 ml/min and the total pressure, p, = 70 kPa. S imilar trends were observed in 
the numerical results obtained using the MEFC VI model , see figure 3.37 . However, the 
experimental results on ly accounted for densificati on valiation along the di ameter of 
the sample. The numerical results on the other hand also showed that densificati on 
variation ex isted along the central axis of the preform, which affected the net 
infiltration of the preform dUling the process. The results showed that the region with 
highest densification mo ved from the centre towards the inlet of the preform before 
fin all y propagating radiall y across the sample. Further analysis wou ld have been 
required during the experimental work to confirm that thi s effect reall y does occur. 
5.2.3 Effect of the processing variables during MECVI 
5.2.3.1 Temperature and thermal gradient 
The experimental results showed that the temperature profil e th roughout the 
fibre preform greatl y influenced the in filtrati on. Since onl y the temperature at the 
centre of the preform was contro lled, the required thermal gradi ent vatiation ac ross the 
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latter was obtained by uSing different types of insulation thickness. The results 
demonstrated that higher temperatures promoted faster decomposition of MTS to SiC, 
hence resulting in higher matrix growth rates. The numerical results on the other hand 
provided similar observations and the model explained from the standard assumption 
that the reaction rate is exponentially dependent on temperature. However, it should be 
Ca) Initial 
p,= 29 .0% 
Cg) 24 h 
p, = 55.4% 
_65% 
Density Pr 
Figure 5.2: (a)-(g) X-ray absorption scans for standard SiC preforms infiltrated by 
MECVI after 0, 2, 4, 6, 8, 16 and 24 hours. Raw scans (black and white) and enhanced 
scans (colour) are presented. Reproduced from reference [39] . 
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noted that in the experimental work [39] , the stoichiometry of the deposited material 
the experimental varied with reaction temperature, excess carbon being produced with 
an increase in temperature. Whilst this further supports the idea of enhanced reactivity, 
the model had to assume the formation of SiC having constant stoichiometry. 
It was also experimentally oberved that the increase in infiltration rates with 
temperature slowed down above 1273 K. Based on the observations made from the 
numerical resul ts in the present work, this can be explained as follows . The increase in 
processing temperature led to a higher depletion of the reacted species, hence 
decreasing the accessible porosity inside the preform and creating a larger MTS 
concentration gradient across the sample. The latter combined to decrease the 
infiltration rate 
Both the experimental and numerical results showed that a decrease in themlal 
gradient across the sanlple resu lted in relatively more uniform infiltration. In the 
numerical simulations the thermal gradients were altered by changing the input 
microwave power. However, the I-D model showed that a slight increase in input 
power, or even maintaining the same input power during MECVI could cause thermal 
runaway to occur, where the temperature at the boundary could become higher than that 
at the centre of the preform. Then the locally higher temperature and MTS 
concentration cause faster deposition at the boundaries, hence choking off the reaction 
at the centre of the prefoml. This scenario is observed experimentally in figure 5.3, 
(a) Initial 
p, = 29% 
C!1lll 
p, = 38.8% 
(c) 22 h 
p, = 53.8% 
_65% 
Relative 
Density, p,. 
Figure 5.3 : (a)-(c): XRA scans for standard SiC sample infiltrated by MECVI after 0,8 
and 22 h. Raw scans (black and white) and enhanced scans (colour) are presented. The 
prefoml in this case was insulated using alumina. Reproduced from reference [39]. 
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where a small thermal gradient was created during the infiltration of the sample by 
increasing the thi ckness of the porous in sulation around the sample (alumina). The 
latter reduced the degree of heat loss at the boundaries considerably. As the infiltration 
proceeded, the temperature at the sample edges increased higher than that at the cen tre 
resulting in hot-spot formation, caus ing locall y higher deposition, as seen in figure 5.3. 
5.2.3.2 Total gaseolls preclIrsor flow rate 
Tt is noted here that in the experi mental work catTied out on MECvT [39], the 
hydrogen flow rate and the inlet pressure were maintained at constant values. During 
the infiltration process the outlet pressure was decreased gradua ll y along with a 
decrease in the MTS flow rate. In the MEFCvI model , the hydrogen flow rate was 
assumed to be the gaseous mixture flow rate (due to the ratio MTS:H2 being 1:9) and 
was kept constant. Further, the inlet pressure was allowed to increase due to the 
increase in back pressure as infiltration progressed. Thus a complete quantitative 
comparison between both results is not feasible. Nevertheless, a comparison of the 
general trend of the results can still be made. 
The experimental results showed that both the infiltration rate and the matrix 
growth rate increased linearly with increase in hydrogen flow rate, see figure 5.4. Also 
it is observed that larger flow rates resu lted in higher gas velocities through the pores , 
which reduced the residence time of the gases in the preform structure. This in turn 
resulted in the residence time becoming smaller than the required reaction time. The 
effect of the hydrogen fl ow rate on the efficiency of the reaction was seen from the 
numerical results (section 3.4.3 .2), where it was desctibed that the increase in the flow 
rate decreased the MTS concentration gradient inside the preform, thus allowing a 
faster reaction rate that eventuall y resulted in more uniform infiltration. The model also 
showed the variation in the infiltration across the thickness of the preform wi th increase 
in fl ow rate, see figure 3.44. Higher flow rates produced greater infiltration at the outlet 
but less deposition was observed at the preform inlet. Similar observations were made 
in the model developed by Gupte et al [82] where conventional heating was used to 
produced thermal gradients across the preform during forced flow CV!. Both models 
showed that the back pressure increased faster wi th increase in flow rate, thus reducing 
the processing time slightl y. However, the model developed by Gupte et al also showed 
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that a limiting flow rate existed beyond which overall densification was decreased. No 
such limit was found in the present work. Such high flow rates were not investigated 
here. 
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Figure 5.4: SiC matrix growth rate on SiC fibre preforms as a function of the hydrogen 
flow rate for infiltration temperatures between I 073 and 1323 K at total pressure, 
P, = 70 kPa. Reproduced from reference [39] . 
5.2.3.3 Total pressure and MTS concentration 
The SiC matrix generated by MECVI disp layed different morphologies when 
the " total pressure" of the system was modified [39]. It is noted here that the total 
pressure, Ph defined in [39] was actually the pressure difference across the sample and 
the MTS:H2 molar ratios varied with the pressure. At low pressure, supersaturation was 
high, that is, the molar ratio was low. Infiltration rate variation with the system pressure 
during the experiment is shown in figure 5.5. It is observed that a maxima was 
observed, with the highest value occurring at about 70 kPa. This effect was also 
observed in the numerical results, see figure 3.45 and 3.46. In the latter, the inlet 
pressure was allowed to vary independently whilst the outlet pressure and the molar 
ratio were maintained constant. The numerical results showed that an initial increase in 
outlet pressure caused more uniform infiltration across the preform, however, further 
increases resulted in an increase in the final porosity gradient and total porosity across 
the sample. Thus an optimum outlet pressure existed beyond which the sample remain 
less densified. 
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Fi gure 5.5: SiC matrix growth rate on SiC fibre pre forms (insulated using porous 
alumina) against the " total pressure" (temperature, T = 1273 K, hydrogen fl ow rate, 
Q = 300 ml min-I ). Reproduced from reference [39]. 
The e ffect of the initia l MTS concentration could not be accounted during the 
experimental work since the fl ow rate of the latte r was dependent on the total pressure 
of the system. However, compari ng the results of the present work with theoretical 
mode ls developed earli er [37,38,73], similar conclusions were fo und. An increase in 
the concentrati on has almost no effect on the overall in filtrati on profil e when forced 
fl ow condition is applied, through minor changes are observed in the final processing 
time. During diffusion transport however, the interna l porosity is dec reased with 
increase in in let MTS concentration, see figure 4 .13 . 
5.3 Mathematical aspects and difficulties of microwave 
enhanced CVI modelling 
As menti oned in the literature survey, microwave enhanced C V! is a complex 
process, which is affec ted sign ificantl y by the process vmi ables such as temperature, 
pressure, fl ow rate , reactant concentration and their gradi ents. The mathematical 
mode ls deve loped during the course of thi s resem-ch can help to understand the effects 
of a ltering those vari ab les_ Simi larl y, the better thei r e ffects are understood 
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experimentally, the more accurately they can be incorporated into the models allowing 
their optimization. This will eventually result in performing real-time simulation of the 
evolving structure inside the process to produce both qualitative and quantitative 
numerical results, which would then significantly reduce the cost of fabricating 
composites by MECVI. But, at the same time, knowing the effects of the mathematical 
aspects that contributed to the models and the difficulties faced in developing the latter 
are essential. This section describes some of these important features. 
5.3.1 Fibre preform structure modelling 
In the two-dimensional model described in Chapter 3, the fibre preform was 
discretized into a finite number of unit cells, see figure 3.3. The edges and the diagonals 
of each unit cell represented part of the fibre bundles present in the preform. During 
microwave enhanced CVI under forced flow, SiC was deposited on the surfaces of 
these fibre bundles, allowing the matrix to grow radially with respect to the axes of the 
bundles. In the one-dimensional model, the preform was assumed to be composed of 
fibrous ceramic layers stacked together with a void space present in between them. 
During MECVI, the gaseous reactant diffused through the void spaces and decomposed 
to form the matrix on the layers. This caused the layers to grow, thereby reducing the 
porosity inside the preform. However, in these two types of ceramic porous structure 
modelling, the intratow porosities that existed within the fibretows themselves were 
neglected. In the 2-D model, the fibre bundles were assumed completely dense and 
only the porosities present between the bundles (intertow) were considered during the 
infiltration process. Similarly, in the I-D model, the intratow porosities inside each 
fibrous layer were neglected. 
5.3.1.1 Influence of intratow and intertow porosities on densification 
pattern during MECVI 
The experimental work carried out by Jaglin [39] showed that both the 
infiltration of the intertow and intratow porosities contributed significantly to the 
overall densification pattern, depending on the process conditions during microwave 
enhanced CVI. It was found that when the temperature, temperature gradient of the 
preform and precursor flow rates were controlled appropriately, the intratow porosity 
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was infiltrated before the matrix started to grow significantly within the intertow 
porosity. However, under certain process conditions, it was also seen that the intertow 
porosities began to fill substantially before the intratow porosities were infiltrated 
completely. This created inaccessible intratow pores within the final densified 
composite. During forced flow chemical vapour infiltration, the gaseous precursor 
flows through the intertow porosity inside the preform by the applied pressure gradient 
and then diffuses though the intratow porosities. Thus diffusion transport 
predominantly caused infiltration of these intratow porosities. The I-D model, which 
accounts for diffusion transport during MECVI, can be used here to understand the 
infiltration process. 
A complete model, however, where both the intertow and intratow porosities 
are considered during microwave enhanced CVI, would be fairly complex to 
investigate. This is mainly due to the complexities involved in heating a porous ceramic 
preform with microwaves. One needs to account for the fact that only the solid parts of 
the fibre preform, which also have irregular shapes, interact with microwaves to 
generate heat. During this development, a scattered electromagnetic (EM) field would 
be created around and within the sample. In the 2-D model where the internal porosity 
was neglected during the analysis, only the presence of a scattered EM field around the 
sample needed to be considered. 
5.3.2 Electromagnetic heating modelling 
In the practical microwave heating system seen in figure 3.1, the SiC sample 
was placed in a resonant microwave cavity. It was observed that the dimensions of the 
cavity were much larger than the size of the preform. To determine the electromagnetic 
and thermal distribution within the preform, the equations for electric and magnetic 
fields would have to be solved throughout the cavity and the numerical techniques 
described in sections 3.4.1 employed. However, since the electrical and thermal 
properties of the preform vary during MECVI, large computational time and computer 
memory would be needed to obtain numerically the distributions. During the 
development of the models, considering the dimensions of the sample and the cavity, 
the preform was assumed to be in free space occupying an arbitrary cross section. This 
allowed the fields' equations to be solved inside the sample only, hence avoiding the 
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time and memory constraints. In the 2-D model, four identical electromagnetic plane 
waves were allowed to propagate through the sample from its four sides as shown in 
figure 3.2. This generated a scattered EM field around the sample, which was not 
calculated in the numerical study. The results obtained from the EM-model have 
demonstrated that the temperature distributions within the preforms are sensitive to the 
dimensions of the materials. In line with this analysis, methods such as periodical 
shifting of phase of microwaves [31] are required to reduce the sensitivity. In the I-D 
model, two incident EM plane waves were impinged symmetrically onto both sides of 
the preform as shown in figure 4.1. This resulted in two reflected fields outside the 
sample whose effects were neglected since the sample was assumed to reside in free 
space. Considering the microwave cavity during the EM heating, however, would have 
incorporated the effects of the scattered and reflected fields in the 2-D model and I-D 
model respectively. 
5.3.2.1 Influence of SiC matrix on dielectric properties 
It has been shown that the dielectric properties of the deposited matrix material 
can have significant impact on the absorption of microwave energy and hence thermal 
profile evolution during MECVI [39]. In the 2-D model, during the heating stage the 
dielectric properties were modelled as quadratic functions based on the experimental 
data [147]. Considering the analysis performed with the EM-model, where the input 
microwave power, P;nc was maintained constant, it was found that the temperature 
gradient across the preform increased as the overall porosity of the medium decreased. 
This implied that less input power was needed to reach the set temperature for more 
porous preforms and that as the porosity decreased during the infiltration process more 
power would be required to maintain the set temperature. Similar observations were 
made during the experimental work [39], where it was observed that the temperature of 
the infiltrating preform decreased during the infiltration process. The deposition of the 
SiC on the fibres (that is increase in the amount of material) was considered responsible 
for this; it was speculated that the matrix absorbed microwave energy less efficiently 
than the initial fibre preform. If correct, this meant that the matrix formed and fibre 
preform had different dielectric properties. The experimental work by Devlin et al 
[149] also showed that stoichiometric variations influenced the microwave absorption 
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distribution, however they found that the deposition of a Si-rich SiC matrix dissipated 
microwave energy as well as the fibre preform reinforcement. In the 2-D model the 
effect of the deposited SiC on the temperature profile was not considered, since the EM 
and FCVI model were decoupled. Conversely, in the I-D model this effect was taken 
into account, however the dielectric properties of both the deposited matrix and the 
fibre preform were considered to be the same due to a lack of experimental data. The 
dielectric properties were modelled as exponential functions based on the data obtained 
from Batt et al and Baeraky [147,148] for different types of SiC materials and also 
following the analysis performed by Kriegsmann [116]. It was found that maintaining a 
constant input power could cause the steady state temperature to evolve on the upper 
branch of the S-shaped curve during the infiltration process, see figure 4.3 and 4.4. It 
was also seen that the steady-state temperature decreased with a decrease in the net 
porosity. Rather than controlling the input microwave power, a control theory could be 
developed instead to maintain the set temperature in the models, hence controlling the 
reduction in temperature during the infiltration process. 
5.3.2.2 Influence of the SiC matrix on thermal properties 
The heat transfer during the electromagnetic heating of the SiC preform is 
governed by its thermal conductivity, its relative volume fraction and its geometrical 
arrangement with respect to porosity, which acts as a barrier to heat flow. Thus the 
decrease in porosity of the medium results in an increase in its thermal conductivity, 
hence decreasing thermal inhomogeneities in regions where sufficient densification has 
occurred during MECVI. Further, experimental and theoretical studies performed by 
Youngblood et al [150,151] have shown that the matrix and fibres in SiCf/SiC 
composites have different thermal conductivity values, which depend moderately on 
temperature. Similar observation was made by Taylor et al [153], who found that the 
heat conduction in fibre composites was dominated by the conductivity of the SiC 
matrix whilst the contribution of the fibres was secondary. However, the dependence of 
the effective thermal conductivity of SiCtlSiC composites on the porosity during 
MECVI is hardly mentioned in the literature. In the models developed here, in line with 
previous literature models on CVI, the effective thermal conductivity of the preform 
was modelled as a linear function of the overall porosity only. Following the 
observation made from the experimental work, [39], where it was seen that thermal 
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conductivity was not primarily involved in the temperature variations occurring in the 
sample, its dependence on temperature was neglected. 
5.3.3 Reaction kinetics 
As previously stated, MTS decomposes at high temperatures according to 
equation (3.20), yielding solid SiC and HCI gas. H2 is used as the carrier gas not only 
for its lightness, reactant diffusion is faster, but its presence is also necessary for 
reaction with chemical constituents such as chlorine [39]. The deposition of SiC from 
MTS is in fact a very complex reaction. This resulted in an incomplete understanding 
of the kinetics of the silicon carbide deposition reaction, which complicated both the 
experimental and theoretical realization of the MECVI process. The deposition 
sequence probably involved multiple steps, or competing forward and reverse reactions, 
which were endothermic overall [24,39,97,133,134]. A first order reaction has often 
been selected for modelling purposes. In the models developed here, this first order 
reaction hypothesis has been considered only, with the production of HCI as a by-
product not being taken into account. 
Several authors have reported the inhibitory effect of HCI [46,52], particularly 
at large temperatures. Considerable evidence also suggested that the presence of HCI-
rich waste gas during the infiltration process damaged the fibres in the preform [39]. 
The experimental work carried out by Jaglin [39] showed that at higher temperatures a 
higher infiltration rate resulted that caused greater depletion of the reacted species, thus 
producing more HCI-based byproduct. The net effect of using higher temperatures was 
thus to both inhibit the reaction and cause etching of the fibres. Hence, the inclusion of 
HCI during theoretical modelling would be beneficial. 
5.3.3.1 Activation energy 
Activation energies, EA' found in the literature [24,46,73,97] relating to the 
decomposition of the MTS gas lie between 120 and 170 kJ mOrl. However, 
calculations of EA during the experimental work carried on MECVI [39] resulted in 
values of 53 ± 4 kJ mOrl. These calculations were perfomed according to both the 
matrix growth across the whole preform undergoing a temperature profile and the 
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coating thickness variations with temperature. Due to the large differences observed in 
both these values, the author suggested that the chemistry involved might have been 
altered during the process and also the differences could be attributed to the lack of 
thermal stability across the sample [39]. Further work is needed to elucidate on the 
effect of microwave radiation on the decomposition of MIS to SiC in an H2 
atmosphere, hence, in the mathematical models developed in the present work, the 
activation energy was considered to be 120 kJ mOrl. 
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GENERAL CONCLUSION 
The primary goal of the modelling of microwave enhanced chemical vapour 
infiltration (CVI) modelling is the real time simulation of the evolution of the matrix 
during infiltration allowing the effect of variables to be determined. Understanding 
these relationships could significantly reduce the cost and processing times required for 
fabricating composites by microwave enhanced CVI. 
In this thesis two main models have been developed for macrostructure 
evolution during the chemical vapour infiltration process under microwave heating: 
• The ME-FCVI two-dimensional model - which describes CVI under both 
microwave heating and forced flow ofthe gaseous reactants. 
• The MECVI one-dimensional model - which describes microwave enhanced CVI 
under diffusion transport of the gaseous precursor. 
The ME-FCVI model was built upon the successive development of two sub 
models due to the complexities involved during the process: the EM sub model 
investigated the electromagnetic heating of a SiC preform having constant porosity 
level and the occurrence of thermal runaway under decreasing porosity during the 
process. The FCVI sub model evaluated the mass balance of the gaseous species and 
porosity variation during the infiltration process under isothermal conditions. The 
capability of the final ME-FCV! model was to predict trends in the composite density 
distribution and infiltration time that might be expected when the process conditions 
were varied. This model has shown that the final density of the preform was strongly 
influenced by the processing variables as follows: 
• The microwave incident power and external cooling, controlled by the heat transfer 
coefficient, could be manipulated to control both the temperature level and thermal 
gradient developed during the microwave heating stage. Whilst higher temperatures can 
lead to a decrease in the overall processing time, the overall density of the composite 
was minimally affected. On the other hand, the use of a higher inverse temperature 
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gradient could result in greater non-uniformity and a decrease in the density of the final 
composite. 
• Forcing the gaseous precursor through the porous preform lead to more uniform 
densification, due to a reduced dependency on diffusion. However, densification was 
limited by the early termination of the process due to excessive pressure gradients. Also 
it was observed that the edges of the preform were less densified. 
• When combined with appropriate pressure gradients, the use of inverse temperature 
gradients via microwave heating quite satisfactorily overcame diffusion limitations and 
provided increased control over the composite quality. Again it was necessary to have a 
proper combination of gaseous precursor flow rates and thermal gradients to obtain the 
desired matrix composite. 
• The results have also shown that the temperature distributions developed were 
greatly affected by the decrease in porosity level during the process. The analysis 
performed by applying constant microwave input power showed that at higher porosity 
levels, thermal runaway could occur. 
• However, it should be noted that in this model the cooling effect inside the preform 
generated by the forced flow of the gaseous precursors was ignored. Also the 
microstructure of the preform was neglected during the electromagnetic formulation 
due to the complexities involved in modelling the interaction of microwaves with a 
porous media. 
• Finally, it was observed from all the results that the edges of the preform remained 
less densified compared to its interior. However, further densification was stilI possible 
by combining the inverse thermal gradient with diffusion transport of the gaseous 
precursors. 
The MECVI model helped to investigate the infiltration of a porous SiC preform 
under microwave heating by allowing gaseous reactants to flow through the preform by 
diffusion transport. The model took into account the effects of the changing materials 
properties, both during the heating and infiltration stages, the heat of reaction and non-
uniformities in the gas concentration within the preform, on the infiltration profiles and 
processing times during the process. It also investigated the important issues of non-
uniform heating and thermal runway during microwave heating of the porous SiC 
preform. 
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• An S-shaped curve was produced when the steady-state thermal distribution was 
plotted against the input microwave power. The curve was significantly affected by the 
dielectric properties of the SiC preform. It was found that as the amount of porosity in 
the initial preform increased, the steady state temperatures within the preform 
eventually moved to the upper branch of the S-shaped curve, which corresponded to 
thermal runaway. This caused the interfacial temperature to be slightly higher than the 
interior. 
• Since the MTS concentration was higher at the preform/environment interface, in 
addition to the temperature being greater, the pores closed faster at the boundary 
choking off the reaction in the interior of the preform. This resulted in the entrapment 
of porosity in the interior of the preform that would unfavourably affect the mechanical 
properties of the final densified product. 
• Finally, the numerical results also predicted some important trends observed in 
experiments including the skin effect. This gave a considerable amount of insight in 
understanding this microwave enhanced CVI process under diffusion driven gaseous 
precursors. 
However, as shown earlier, microwave enhanced CVI is a very complex 
process, that is affected by many process variables. Whilst the ME-FCVI and MECVI 
models developed during the course of thi s research can help to understand the effects 
of altering those variables, the better their effects are understood experimentally, the 
more usefully they could be incorporated into extending and optimizing the models. 
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FUTURE WORK 
In order to achieve the goal mentioned in Chapter 6, the microwave enhanced 
CVI process has to be understood well and the models have to be improved to describe 
the latter better and more accurately. Along the way to the ultimate goal and 
considering the models developed during the course of this research works as a 
fundamental background, more research work can be performed. 
• Due to the extremely complicated geometry of the SiC fibre preform 
microstructure, more accurate and efficient fibre structure models can be used where 
both the intertow and intratow porosities are included. Numerical techniques like the 
Level Set Method (LSM) and the Fast Marching Method (FMM) have been developed 
and successfully used in the past couple of years to follow the evolution of interfaces in 
problems related to fluid mechanics, combustion, image processing and structure of 
snowflakes. These techniques can be employed to model the geometry of the 
microstructure of the fibre preform and track its changes during the CVI process. The 
latter can also detect the formation of inaccessible pores and adjust the deposition 
inside these pores to make the fibre growth stop there. 
• In line with the above point, forced-flow and diffusion mechanisms can thus be 
used for mass transport inside the intertow and intratow porosities respectively. 
However, the partial differential equations describing the gas transport within the fibre 
preform of complex geometry can impose numerical difficulty. To solve them 
efficiently, other techniques like the Immersed Interface Method can be used 
accordingly. 
• The microwave heating of the SiC porous sample can be performed inside a 
resonant microwave cavity using numerical techniques like Finite Element Method and 
Finite Difference Time Domain, where the effects of the cavity walls on the 
electromagnetic field are considered. This can be followed by considering the 
microstructure of the fibre preform with higher dimensions. However, these will 
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increase computation cost significantly. And more, the computation is in microscopic 
level, so a full-scale process simulation would require huge computation power. 
• More accurate models describing the thermal and electrical data can be produced 
for SiC samples having different porosity levels. However, proper experimental data on 
the latter are needed to be able to investigate such models. 
• Proper control on the input microwave power and the set temperature can be done 
by including a control power theory. This could help to control the effect of thermal 
runaway during the infiltration process. 
• The cooling effect of the forced-flow of the gaseous precursor on the thermal 
profiles during microwave heating of the preform can be investigated by coupling the 
necessary set of equations and introducing the convective term in the heat diffusion 
equation. 
• The formation of HCl as a by-product during the decomposition of MTS can be 
studied by considering the convection and diffusion of a multicomponent mixture of 
three gaseous species: hydrogen, MTS and HCI. This multi component diffusion in the 
presence of significant pressure gradients can be described using a "three-parameter" 
variant of the Dusty-Gas model, which accounts for the viscous flow using Darcy's 
law. Mass conservation equations for each species can thus be obtained using this 
model. The formation of HCl can help to study its inhibitory effect on the deposition 
kinetics. 
• Further, as explained in the literature survey the deposition of SiC from MTS is 
very complex, which involve multi-steps decomposition reactions having different 
order-reactions. The better the mechanism of the reaction is understood, the better it 
can be incorporated into the model. 
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Appendix 1 
Mathematical description of converting equation (3.6) to (3.7) using a 
Green's function approach [140] 
Equation (3.6) is restated here for convenience: 
V2E, +kiE, = kiO-N 2 )(E'nc + E,) 
F(~) 
(3.6) 
This equation is solved by considering the Green's function G(~), which satisfies: 
(aLl) 
where, Of is the delta function and the point ~l can be both inside and outside the 2-D 
SiC preform as shown in figure a1.l. By multiplying equations (3.6) and (aLl) by 
G(~) and E, respectively and subtracting the resulting expressions, the following 
equation is obtained: 
v .(E,VG-GVE,)= -FG+ OE, (al.2) 
Now, integrating the above equation over the whole domain, within the circle of radius 
R, , the corresponding expression is achieved: 
(a 1.3) 
In the far field away from the sample, the scattered electric field and the Green's 
functions satisfy the radiation conditions and are given by: 
~O as r~oo. (al.4) 
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Here, A, is a damping constant and H bl ) is Hankel function of the first kind of order 
zero. Applying these conditions in (al.3), the following expression for the scattered 
field is thus obtained: 
E,(",) = fJFGdxdY 
x
2+l SR2 
= ki JJ (1- NZ )G~ dxdy (al.5) 
SiC sample 
= ki JJ (1- NZ("I»~(")Hb')(kzl,, -",I) dxdy 
SiC sample 
From equation (3.5), the scattered field is also given by E, = E - E;". Also, since '" is 
any arbitrary point within the closed region, exchanging "I by", expression (3.7) in 
finally obtained. 
@ 
z - out of the 
plane of the paper 
Figure aLl: Region of propagation of electromagnetic plane waves on a SiC preform in 
free space. 
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Appendix 2 
Determining the increase in volume content of SiC during deposition 
of solid material in a unit cell 
During the infiltration process, SiC solid is deposited on the fibre tows, causing 
the matrix to grow radially from the bundles surfaces. The idea that the matrix grew 
radially from the surface of a sphere was adopted to model the matrix deposition at the 
corners of the unit cell. This growth is idealized in figure a2.l. The triangle depicts a 
cross section of a unit cell, with the corners indicating the crossover points. 12 and I, 
denote the radii of the spheres associated with the matrix growth at the centre corner 
respectively. The mathematical expressions relating the volume content of SiC in the 
unit cell is developed next: 
14=~/./2 
tanIP2 =214/~ =./2 
cosIP2 = 11./3 
lP, = 90 - IP2 
sin lP, = cos IP2 = 1/./3 
From the figure below, 
sin lP, = r /12 => 12 = r 1 sin lP, =./3r 
(a2.l) 
(a2.2) 
(a2.3) 
(a2.4) 
(a2.S) 
(a2.6) 
(a2.7) 
Therefore, during the deposition process, the increasing volume of the sphere at the 
centre of the unit cell is given by: 
(a2.8) 
Similarly, the volume of the sphere at the corner of the unit cell is: 
CV2 = 8(1/ 8)( 4111: /3) (a2.9) 
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The volume of the fibre tow and matrix deposited on the edge of the unit cell is: 
(a2.1O) 
Thus, the volume of the fibre tow and the deposited matrix in a unit cell excluding C'3' 
C'2 and C'3 is: 
(a2.1l) 
Hence the total volume of solid content in a unit cell during the infiltration process is 
given by: 
Cs =cvi +cV2 +cV3 +cv4 
= ((../3 + 4)LI + (b - ../3)/27 -14/6X6 - 2../3)- 4)r)J31!r2 (a2.l2) 
The mathematical expressions relating the volume content of SiC in the unit cell is 
developed next: 
The surface area of the sphere at the centre of the unit cell during densification is: 
(a2.13) 
Similarly, the surface area of the sphere at the corner of the unit cell is: 
A'2 = 8(l/8)(41Zi;) (a2.14) 
The surface area of the fibre tow and deposited matrix on the edge of the unit cell is 
(a2.1S) 
Thus, the surface area of the fibre tow and matrix in a unit cell excluding A,I' A,2 and 
(a2.16) 
Hence, the total surface of the solid content in a unit cell during infiltration is 
(a2.17) 
Therefore the corresponding effective surface area in a unit cell is: 
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A = A" / bulk volume of unit cell 
= (6 + 8.J3)L1 -(14/3)~18-6.J3 +50.J3/3+14}}rr 
L3 
(a2.18) 
1 
•••••••••••••••••••• 
Unit cell 
1< 
Figure a2.1: Schematic of the unit cell, whose edges and diagonals represent fibre 
tows. The triangular part characterizes the dark cross section of the unit cell. 
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Appendix 3 
Approximate expression for the Hankel function of the first kind of 
order zero 
The HankeI function of the first kind of order ~ is given by [159): 
Hi') (u,) = J,(u,)+iY,(u) (a3.1) 
where, J,(u) is the BesseI function of the first kind and Y,(u,) is the BesseI function 
of the second kind. For small argument u, (u, ~ 0), these BesseI functions are 
approximated by: 
1 , 
J ,(u) '" -, -u, 
2 ~! 
2 Y, (u) '" -In u, 
" 
Thus for order zero (~ = 0), the above expressions can be reduced to: 
Jo(u) '" 1 
Yo(u ) '" 2Inu, 
, " 
Hence, the corresponding HankeI function is given by: 
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Appendix 4 
Solving a linear system of equation using LV decomposition 
The evolution of the electromagnetic. temperature. pressure and MTS 
concentration distributions during the infiltration process are determined at each time 
step by solving linear systems of equations. In general. these linear systems can be 
written in the form: 
(a4.l) 
where. A", is a matrix whose entries are written as. a',j' x, = (x j) is a column vector 
representing the particular distribution being solved and the vector b, = (bj ) normally 
consist of the previous time step data for that distribution. The size of the matrix A", is 
considered to be mn x mn. thus. ic = 1. 2 ........... mn and j = 1.2 ........... , mn. Equation 
(a4.1) is solved using the LV decomposition method, where A", is factorized into two 
matrices as follows: 
(a4.2) 
Lm = (If,j) and U m = (u f,}) are known as the upper and lower triangular matrices, where 
the main diagonal of either Lm or U m consist of all ones. They are found numerically 
by considering the steps in the following algorithm: 
Algorithm: LV decomposition 
Step 1: Select III and ulI satisfying IlIulI = all . 
If IlIulI = 0, then OUTPUT (,factorization impossible') 
STOP 
Step 2: For j =2, .......... ,mn, set ulj = aId Ill; (First row of U m) 
Ijl = a jl/UII ; (First column of Lm) 
Step 3: For ic =2, .......... , mn -1 do Steps 4 and 5 
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Step 4: Select I.. and U . 
',,'e '"le 
If li,i, Ui,i, = 0 then OUTPUT (,factorization impossible') 
STOP 
Step 5: For j = i, + 1, ........ ,mn 
1 [ i,-' ] I.. = - a· - '" Ik u k · ;, lIe }le- L..J J <' ell' 
Ui"ic Kc=l 
mn-l 
Step 6: Select Imnmn and u mnmn satisfying I';nmnumnmn = amnmn - Llmnk,Uk,mn 
Kc=l 
Step 7: OUTPUT (Iu for j = 1,2, .......... , mn and i, = 1, 2 .......... , mn) 
OUTPUT (ui,j for j=1,2, .......... ,mn and ic =1,2 .......... ,mn) 
STOP 
Once the factorization of matrix A", is complete, the solution to the linear system is 
found (a4.2) is found by first letting Y. =Umx. and determining Y. =(y,) from the 
equations: 
b 
y, = -' (a4.3) 
I" 
and for each j = 2, .......... , mn 
(a4.4) 
Once Y. is found, the upper triangular system U mX. = Y. is solved for x. to finally 
determine the corresponding distribution. 
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Appendix 5 
Finding the leading order equations during the asymptotic analysis 
The perturbation method is applied to the set of partial differential equations (4.15)-
(4.18) and the corresponding boundary conditions (4.20) to obtain averaged simplified 
equations. The expression describing the temperature distribution within the 1-
dimensional preform is considered here as an example to demonstrate the method used 
to obtain the leading order terms. For convenience, equation (4.16) is restated here: 
(4.16) 
The power series expression employed in the limit c/ ~ 0 is given as: 
" 2' T(x,y,c"t) = .t....,c. 'T./x,y,t) (4.21b) 
j=O 
By inserting the above expression in (4.16) and expanding the power series, the 
resulting equation is obtained 
c.
2 
A1g (aT.o 2 aT.1) = k (2( a2Tao 2 a2Tal) ( a2Tao 2 a2Tal )) 
a 
+ e. I e. a 2 + C. 2 + 2 + c. a 2 (J t at x ax ay y (as. I) 
+ c.2PJc(T, y)IEp12 
It is noted here that the values for j = 0 and 1 is considered only during the expansion, 
since these are enough to produce the leading order 0(1) and O( c/) terms. Equation 
(as.l) can be re-written as: 
A1g ( 2 aTaO 4 aTal) _ k ( 2 a2Tao 4 a2Tal a2Tao 2 a2Tnl) B c. Tt+ e• Tt - I e. ax2 +c. ax2 + ay2 +c. ay2 (as.2) 
+ c.
2PJc(T, y)IEp12 
Thus by comparing the coefficients of each term in the above expression, the leading 
order 0(1) equation is given by 
k a2Tao =0 
I ay> (as.3) 
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The general solution of this expression is obtained by performing double integration 
with respect to y and is given by: 
(a5.4) 
where co(x,t) and do(x,t) are constants. Similarly, by comparing the coefficients of 
the term in (a5.2) and retaining the terms containing 8/, the following order O(t:,2 ) 
equation is obtained: 
(4.25) 
The solution of this equation is described in section 4.5 using the boundary conditions. 
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